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Abstract
Ochre is an iron oxide waste that is currently stockpiled pending re-use or disposal
via landfill, providing motivation to research an environmentally beneficial application for
this accumulating waste product. It is known that iron oxide amendments to soils can
stabilise and increase soil organic carbon content, as well as having other potential benefits
to soil structure. This thesis researches whether the ochre amendments to soils could be
utilised as a land-based CO2 removal method, aiding in the mitigation of climate change.
It is hypothesised that additions of ochre to soils could reduce carbon availability, leading
to carbon sequestration. This hypothesis is tested through an adsorption experiment
which assesses whether ochre amendments to an Agricultural and Woodland Soil increase
organic carbon sorption and affect phosphorus availability, metal release and soil pH. Soil
incubation/plant growth experiments were also conducted which assess whether ochre
amendments reduce carbon availability and affect plant growth and aggregate formation.
The adsorption study concluded that the addition of the ochre to soils enhanced organic
carbon sorption, reducing soil carbon availability and lability, based on the assessment
of the change in quantity of carbon released into soil solution (5.89 ± 0.86 to 10.62 ±
1.29 mg/L and 7.15 ± 0.42 to 10.75 ± 3.01 mg/L for ochre amended Agricultural and
Woodland Soils, respectively), relative to control soils (10.95 ± 0.16 mg/L and 13.66 ±
0.21 mg/L for Agricultural and Woodland Soil controls, respectively) (p≤0.05: ANOVA
and Dunnett’s test). Ochres with a high goethite content (67.27 - 97.50 %) and a relatively
low - neutral pH (4.45 ± 0.05 to 8.34 ± 0.04) were favourable in increasing soil organic
carbon sorption. However, ochres with a high Na content (344 ± 159 to 846 ± 41.7 mg/kg)
were found to perform less favourably. The incubation/plant growth study found a lack of
difference in the extractable carbon content of ochre amended soils, compared to control
soils, but found a reduction in the cold water extractable carbon content in ochre treated
Woodland Incubation Soils (6.30 ± 0.96 to 14.88 ± 3.47 mg/L), indicating decreased
carbon availability and increased carbon storage, relative to the Woodland Incubation
control (20.88 ± 3.40 mg/L) (p≤0.05: ANOVA and Dunnett’s test). This provides
motivation for further experiments to take place, requiring a longer incubation period,
with thorough mixing, to ensure there is an increased opportunity of contact between the
iron oxide and dissolved organic carbon. In practical applications, a solution for increasing
contact chances is to plough the ochre into the soil as a slurry. Despite the addition of
ochre causing there to be more fine-grained material in the soils, generally no effects
on aggregate fraction size were found, implying that the fine ochres have supported the
aggregation of material to form coarse, stable macroaggregates, improving soil structure.
Future work should look into the organic carbon content of each aggregate size, as well
as measuring changes in carbon pools, as the results of this thesis suggest there is a shift
in carbon from a very labile to a less labile pool. Finally, additional experiments should
analyse for potential toxic metal uptake in the plant shoot biomass, given that some of the
ochre treated soils released more metals into solution than the control in the adsorption
study, despite the ochre amendments having no effect on plant growth.
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Chapter 1: Introduction to the Thesis
The basis for this research stems from the recognised importance of utilising land-based CO2
removal methods to increase soil carbon (C) sinks through land management, as a potential
climate change mitigation technique. It is known that iron (Fe) oxide in soil can can stabilise
and increase soil organic carbon (SOC) content, as well as having other potential benefits to
soil structure, as explored in the literature review of Chapter 2. This knowledge provides
the motivation for this thesis, meriting experiments that not only decipher whether Fe oxides
have the ability to adsorb dissolved organic carbon (DOC), but also store this DOC long-term,
reducing C availability and sequestering it. It is of importance to explore the potential effects of
Fe oxide amendments on plant growth, as well as physical and chemical soil properties including
aggregate stability, phosphorus availability and soil pH.
Ochre is an Fe oxide waste that accumulates in streams draining from now abandoned
coal and metal mines and in settlement ponds or constructed wetlands designed to reduce
pollution levels in acid mine drainage. In the UK, the Coal Authority is responsible for 82 (as
of December 2020) mine water treatment schemes that remove ca. 4000 tonnes of Fe per year
from these water courses, resulting in ochre production. Currently ochre is stockpiled pending
re-use or disposal. A significant proportion is landfilled, providing motivation to research an
environmentally beneficial application for this accumulating waste product.
Additional to this chapter, this thesis comprises 4 further chapters. The literature review of
Chapter 2, exploring the above information in depth, gives rise to the overarching hypothesis
that the additions of Fe oxide ochre to soils will reduce C availability, leading to C sequestration.
This hypothesis is tested throughout Chapters 3 and 4.
Chapter 3 discusses adsorption experiments which assess whether ochres do have the ability
to adsorb organic C, based on the assessment of the change in quantity of C released into soil
solution. Chapter 3 also investigates the potential of ochre amendments releasing potentially
toxic mobile metals into soils.
Chapter 4 explores soil incubation/plant growth experiments which assess whether C
availability is reduced in ochre amended soils in a more realistic experiment than the adsorption
study, as well as evaluating whether ochre amendments affect plant growth and whether Fe oxide
is the limiting factor in soil aggregate production.
Chapter 5 closes the thesis, summarising the key findings of the adsorption and
incubation/plant growth experiments of Chapters 3 and 4, as well as discussing
recommendations for future experiments and work within this field.
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Chapter 2: Literature Review
1 Importance of Carbon Sequestration
The term ‘carbon sequestration’ is commonly used to describe any increase in SOC content
caused by a change in land management, with the implication that increased soil C storage
mitigates climate change (Powlson et al., 2011). Terrestrial ecosystems remove about 3 GtC/yr
from the atmosphere through net growth, absorbing about 30 % of CO2 emissions from fossil
fuel burning and net deforestation, while the world’s forest ecosystems store more than twice
the C in the atmosphere (Canadell et al. 2007; Canadell and Raupach, 2008). Terrestrial
ecosystems store about 2,100 GtC in living organisms, leaf litter and soil organic matter
(SOM), which is almost three times that currently present in the atmosphere (Royal Society,
2009). The Royal Society (2009) report recognises the importance of land-based CO2 removal
methods to increase land C sinks through land management. Beerling et al. (2018) discuss
the method of biogeochemical improvement of soils by adding crushed, fast-reacting silicate
rocks to croplands as one such CO2-removal strategy; this approach has the potential to
improve crop production, increase protection from pests and diseases, and restore soil fertility
and structure. Beerling et al. (2018) recognise that the issues of public perception, trust
and acceptance to methods such as this must also be addressed. As discussed in Sections
1.2 and 1.3, Fe oxide amendments to soils could also stabilise and increase SOC content,
acting as another CO2-removal strategy, as well as having other potential benefits to soil
structure, giving motivation for this research area to be studied further. However, Powlson
et al. (2011) highlight the importance of understanding how the climate change benefit of
increased SOC from biogeochemical soil improvement methods must be balanced against any
potential greenhouse gas emissions associated with possible transport or processing procedures
of such amendments.
2 Iron Oxide–Organic Matter Interactions
The diverse physical and chemical characteristics of organic matter (OM) in soil enable it
to influence soil biological, physical and chemical properties (Baldock and Nelson, 1999).
OM contributes significantly to soil resilience and provides the chemical energy and nutrients
essential to the activity of soil biological systems, as well as contributing directly to soil cation
exchange and buffering capacity and both directly and indirectly to soil structural stability,
water retention and soil thermal properties (Baldock and Skjemstad, 1999).
Minerals are widely assumed to protect OM from degradation in the environment, promoting
the persistence of C in soil (Wang et al., 2019; Kleber et al., 2021). Kleber et al. (2021) state
that to do so, a broad set of interactions occur, with minerals adsorbing organic compounds
to their surfaces and/or acting as catalysts for organic reactions. Decomposition of adsorbed
OM is typically substantially slower than the decomposition of the same type of OM in a
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freely suspended or dissolved state (Kalbitz et al., 2005; Kleber et al., 2021). Investigations of
sediment dynamics demonstrate that fine-grained minerals and mineral–OM assemblages have
a controlling influence on the cohesive nature of sediment (Kleber et al., 2021).
A key stabilisation mechanism of SOM is that of SOM sorption onto soil minerals, including
clay minerals and Fe and Al oxides, reducing its availability to microorganisms, inhibiting
microbial degradation (Nelson et al., 1994; Sollins et al., 1996; Vieublé Gonod et al., 1998;
Baldock and Skjemstad, 2000; Gonod et al., 2006). Mineral-associated OM is considered a
stable reservoir for soil nutrients that influences long-term soil C and N dynamics, constraining
potential CO2 emissions and cycling reactive N (Jastrow, 1996; Gentsch et al., 2015; Kleber
et al., 2015; Jilling et al., 2018). However, the results of Jilling et al. (2021) indicate that
common root exudates, glucose and oxalic acid, can increase the turnover and potential
release of C and N from mineral associated OM through indirect (microbial) and direct
(non-microbial) mechanisms. Both C and N were transferred from mineral associated OM into
bioavailable pools, with glucose working primarily via the microbial community and oxalic acid
directly destabilising metal-organic interactions, demonstrating the potential for simulated root
exudates to facilitate mineral associated OM destabilisation (Jilling et al., 2021). It is hence of
importance to take this into consideration when determining whether Fe oxides have the ability
to adsorb and store soil C long-term.
The importance of considering other controls on C storage is also supported by the results
of Moni et al. (2010), who observed positive relationships involving amorphous Fe oxides
for horizons at small pit scale, suggesting that, at this scale, amorphous Fe oxides may be
involved in processes leading to organic C soil storage. However, at the larger field scale, the
abundance of controls for organic C storage is increasing, meaning such relationships were no
longer observable as the empirical relationships established at pit scale are not powerful enough
to predict the behaviour of a whole landscape. The mechanistic knowledge established at pit
scale may thus not easily be scaled up in soils where interaction with Fe oxides is not the only
control on organic C storage. Wagai et al. (2020) state that given that OM is mainly located in
meso-density fractions, the capacity of a soil to protect OM may be controlled by the balance of
three processes: (1) microbial processing of plant-derived OM, (2) dissolution of metals, and (3)
the synthesis of organo-metallic phases and their association with clays to form meso-density
microaggregates.
The results of Wen et al. (2019) show that vigorous Fe mobilisation can be regulated
by long-term application of organic amendments, and that these organically amended soils
contained significantly higher concentrations of poorly crystalline Fe that was closely related to
SOC storage in their studied upland and paddy soils. The work by Wen et al. (2019) implies
that continuous organic amendments to soils could initialise a positive feedback loop for the
presence and maintenance of poorly crystalline Fe, which in turn helps preserve SOC over longer
time scales. The comprehensive understanding of SOC–Fe associations regulated by agricultural
management practices is of crucial importance for enhancing soil C sequestration for sustainable
management of SOC in modern agroecosystems, and for improving our understanding of C
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cycling processes under the global environmental change scenarios (Wen et al., 2019).
Wen et al. (2019) state that the potential mechanisms of OM storage are proposed as
follows: (1) dissolved organic matter (DOM) from the organically amended soils is more
likely to co-precipitate with poorly crystalline Fe, and DOM from the inorganically fertilised
soils is to a larger extent adsorbed on poorly crystalline Fe. The co-precipitated Fe–OM
complexes are more resistant to desorption than the adsorbed OM. (2) DOM extracts from
organic amended soils contain higher concentration of aromatic functional groups, and exhibit
stronger inhibitory effects on crystallisation of poorly crystalline Fe compared with inorganically
amended soils. (3) Microbially mediated Fe cycling is regulated by long-term inorganic/organic
inputs. Greater consumption of poorly crystalline Fe was observed in inorganically fertilised
soil than that in organically amended soil, due to a higher relative abundance of well-known
Fe(III) reducers; conversely, Fe(II) oxidisers, were more abundant, and produced higher levels
of poorly crystalline Fe under organic amendments (Wen et al., 2019).
Kleber et al. (2021) recognise that future work must distinguish adsorption as a condition
for further reactions instead of as a final destination for organic adsorbates. This merits
experiments that not only decipher whether Fe oxides have the ability to adsorb DOC, removing
C from solution, but also store this DOC long-term, reducing its availability.
Goethite, one of the most thermodynamically stable Fe oxides, holds a strong ability to
adsorb to SOC, subsequently decreasing the release of C from soils and fixing it (Liu et al., 2014).
Goethite, found in the pedosphere, hydrosphere and biosphere, resulting from rock weathering,
is often poorly crystalline and rich in defects and impurities, giving it good surface activity (Liu
et al., 2014). Organic compound adsorption onto goethite usually depends on the solution pH,
chemical composition of OM, ionic strength and cation composition in solution; organic acids,
such as humic acid, can improve the adsorption capacity of goethite for other organic compounds
(Antelo et al., 2007; Liu et al., 2014). Humic substances (humic acids and fulvic acids) may
constitute more than 80 % of SOM (Stevenson, 1994). It is well known that phosphate shows a
relatively strong affinity for Fe (hydr)oxides, including goethite (Hiemstra and van Riemsdijk,
1996, Manning and Goldberg, 1996). Sibanda and Young (1986) investigated the competitive
adsorption of phosphate and humic substances on goethite, concluding that humic substances
block some surface sites, thereby reducing the adsorption of phosphate. These results are
supported by that of Antelo et al. (2007), who found that soil humic acid and phosphate
compete for the goethite surface, since the presence of phosphate decreases the adsorption of
soil humic acid and the presence of soil humic acid decreases the adsorption of phosphate. These
studies highlight the importance of accounting for phosphate when experimenting whether Fe
oxides have the ability to adsorb and fix DOC, as phosphorus is often a limiting nutrient (Lajtha
and Jarrell, 1999), and so the possibility of reduced P levels could have an effect on plant growth
in Fe oxide amended soils.
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3 Role of Iron Oxide in Soil Structure
Soil structure is an important soil property which mediates many biological and physical
processes in soils; soil structure determines porosity and infiltration, hence regulating water
availability to plants and soil erosion susceptibility (Six et al., 2000a). Since soil structure also
influences losses of agrochemicals, C sequestration and N gas losses, it is important to maintain
soil structure to reduce the environmental impact of agricultural practices (Six et al., 2000a).
The presence of Fe oxides, as well as Al oxides and kaolinite, is an important factor for the
stability of a soil (Six et al., 2000a). Much research has revealed that Al and Fe oxides are
important aggregating agents, affecting soil structural stability (Barberis et al., 1991; Oades
and Waters, 1991; Mbagwu and Schwertman, 2006). Kemper and Koch (1966) and Six et al.
(2000a) found a positive correlation between Fe oxide content and aggregate stability, with the
latter finding a smaller effect of soil management practices on soil stability in soils with a high
presence of oxides and kaolinite.
The aggregating effect of oxides is mainly at the microaggregate level (Oades et al., 1989;
Igwe et al., 1999; Muggler et al., 1999), but macroaggregation has also been related to oxide
content (Arduino et al., 1989; Six et al., 2000b; Imhoff et al., 2002). Six et al. (2000a) state that
oxides can act as binding agents in three ways: (1) organic materials adsorb on oxide surfaces
(Oades et al., 1989); (2) an electrostatic binding occurs between the positively charged oxides
and negatively charged clay minerals (El-Swaify and Emerson, 1975); and (3) a coat of oxides
on the surface of minerals forms bridges between primary and secondary particles (Fordham
and Norrish, 1983; Kitagawa, 1983; Muggler et al., 1999).
Yin et al. (2016) found that there was a positive relation between pyrophosphate-extractable
Fe and water-stable aggregates but no significant relations were observed between
dithionite-citrate or ammonium oxalate extractable Fe oxides and aggregate stability. Igwe et
al. (2009) state that oxalate extracted oxides are responsible for aggregate formation. Moreover,
Arduino et al. (1989) found oxalate extractable Fe with the greatest surface area to promote
macroaggregate stabilisation. Yin et al. (2016) found that oxalate extractable Fe under P
fertiliser treatments was greater than those under other N and manure fertiliser combination
treatments. This result is in agreement with that of other studies (Jim, 2003), who reported
that P was likely to be fixed as a result of Fe oxides. P fertilisation stimulates the precipitation
of oxalate extractable Fe and phosphates that act as bonding agents to enhance aggregation.
Yin et al. (2016) state that N and P fertilisers may reduce soil pH, increasing the mobility
of Fe oxides, which are pH-dependent, allowing Fe oxides to interact synergistically with SOC
and dispersible clay to improve aggregate stability (Bronick and Lal, 2005). OM can form a
complex with Fe and Al oxides at low pH to give rise to mobile, organic-metallic compounds
that decrease microbial access to SOC and mineralisation (Bronick and Lal, 2005).
Wang et al. (2019) found that long-term manure fertilisation promoted the formation
of non-crystalline Fe fractions, which bounds to SOC to form soil macro-aggregates. Thus,
the formation of SOC–Fe association in soil and soil aggregates plays a crucial role in SOC
preservation. Wang et al. (2019) conclude that the understanding of SOC–mineral associations
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is of great importance to enhance C sequestration in soils. The results of Yin et al. (2016)
and Wang et al. (2019) are promising in that if Fe oxides were added to agricultural soils in
order to enhance SOC storage, added P and manure fertilisers would have not an adverse but
a promoting effect on enhancing aggregation and preserving SOC.
4 Proposed Research
Upon assessment of the related literature which has been reviewed here, the following hypothesis
can be formulated: additions of ochre to soils could reduce C availability, leading to C
sequestration. To test this hypothesis, the following objectives are proposed: (1) conduct
adsorption experiments to assess whether ochres do adsorb C and then, if successful in doing
so, (2) conduct soil incubation/plant growth experiments to assess whether C availability is
reduced in ochre amended soils.
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Chapter 3: An Investigation into the Effect of Ochre
Amendments on Carbon Release into Solution from Soil
1 Introduction
1.1 Carbon Storage Potential
Nearly 80 % of the total C in terrestrial ecosystems is preserved in soils, with 75 % of this C
being in the form of SOC (Lal, 2004; Wen et al., 2019). Köchy et al. (2015) report the global
stocks of SOC as 1923, 1455 and 720 Pg for the upper 2.3, 1.0 and 0.3 m, respectively. Thus,
the quantity of SOC in the 0 - 30 cm layer is about twice the amount of C in atmospheric CO2
and three times that in global above-ground vegetation (Powlson et al., 2011). Soil minerals,
predominantly Fe and Al oxides, hydroxides, and oxyhydroxides, are known to influence the
biological stability of SOM, including DOC, via sorption to reactive surface sites due to their
small size (down to several nanometres) and high surface reactivity via surface hydroxyl groups,
or co-precipitation with the solid phase (McLean and Bledsoe, 1992; Kaiser and Guggenberger,
2003; Kleber et al., 2005; Wagai and Mayer, 2007; Saidy et al., 2012; Kleber et al., 2015; Porras
et al., 2017; Fujii et al., 2019; Wen et al., 2019; Wagai et al., 2020). Fe oxides can also promote
aggregation (Shang and Tiessen, 1998), which indirectly enhances OM stability (Totsche et al.,
2017), without necessarily showing proportionality to metal concentrations (Wagai et al., 2020).
A decreasing pH increases the concentration of Fe cations in the soil solution by enhancing
the dissolution of Fe (Wagai and Mayer, 2007; Porras et al., 2017). Heckman et al. (2009)
suggest a regulatory role of pH with respect to the mode of OM stabilisation, with increased Fe
complexation leading to enhanced stabilisation of OM, owing to the increased solubility of Fe
with decreasing pH in the acidic range (Porras et al., 2017). Fe can hence be a strong predictor
of SOC storage and turnover in soils with a relatively high extractable metals content and a
moderately acidic to circumneutral pH, protecting SOC against decomposition in these soils.
This leads to the hypothesis that Fe oxide additions would enhance organic C sorption and
increase soil C storage (Kleber et al., 2005; Porras et al., 2017).
McKnight et al. (1992) found that from 1979 - 1986, ∼40 % of the DOC in the river
systems studied was removed from solution by sorption onto hydrous Fe and Al oxides, which
then settled. Previous empirical studies have reported a positive correlation between Fe content,
SOC stocks and 14C-based turnover time, all of which reduce CO2 emissions (Masiello et al.
2004; Torn et al. 1997; Rasmussen et al. 2005; Heckman et al. 2009; Saidy et al., 2012;
Porras et al., 2017). SOC stabilisation also has benefits for agricultural use and agronomic
crop productivity, due to the positive influence of SOC on a range of soil physical, chemical,
and biological properties, stabilising soil structure, enhancing resistance to soil erosion and
increasing substrate and supply of nutrients for microbes, thus improving the productive
capacity of soil (Bronick and Lal, 2005; Saidy et al., 2012; Peng et al., 2015; Ramesh et
al., 2019). Powlson et al. (2011) state that any measure that increases SOC content is likely
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to have beneficial impacts on soil properties and functioning; thus, even practices that increase
SOC but have no direct benefit for climate change mitigation are likely to be beneficial in other
ways, with SOC accumulation perhaps therefore being regarded as a ‘no regrets’ policy.
1.2 Current Ochre Use
Ochre is an Fe oxyhydroxide-rich waste that mainly accumulates in two environments in the UK:
(1) in streams draining from now abandoned coal and metal mines and, (2) settlement ponds or
constructed wetlands designed to reduce pollution levels in acid mine drainage (Younger et al.,
2002). It has been previously reported that treatment of polluting discharges from abandoned
coal mines in the UK produces ca. 30000 tonnes of hydrous Fe oxides per year (Dobbie et al.,
2009). In the UK, the Coal Authority is responsible for 82 (as of December 2020) mine water
treatment schemes that remove ca. 4000 tonnes of Fe per year from water courses resulting
in ochre production (UK Government, 2017). Currently ochre is stockpiled pending re-use or
disposal; a significant proportion is landfilled.
1.3 Potential Ochre Use
Previous studies have shown the potential for Fe oxides to be sorptive for As and P, giving
rise to investigations into the potential use of ochre (Livesey and Huang, 1981; Elkhatib et al.,
1984a; Elkhatib et al., 1984b; Bowell, 1994; Sun and Doner, 1996; Matis et al., 1997; Manning
et al., 1998; Sun and Doner, 1998; Jain et al., 1999; Jackson and Miller, 2000; Manning and
Suarez, 2000; Goldberg and Johnston, 2001; Grafe et al., 2001; Ford, 2002; Garcia-Sanchez et
al., 2002; Goldberg, 2002; Smith et al., 2002; Waltham and Eick, 2002; Doi et al., 2005; Heal
et al., 2005; Dobbie et al., 2009; Sibrell et al., 2009; Fenton et al., 2012; Olimah et al., 2015).
A potential commercial use for ochre is to remediate arsenic contaminated soil (Boisson et
al., 1999; Garcia-Sanchez et al., 1999; Warren et al., 2003; Warren and Alloway, 2003). Dobbie
et al. (2009) found that ochre also has the potential for removing phosphorus from wastewater
and agricultural runoff, providing possible applications for farmers. In their studies, Dobbie et
al. (2009) diverted secondary-treated wastewater effluent through a trough containing granular
and pelletised ochre, finding no detectable release of potentially toxic mobile metals, including
Al, Cd, Cr, Cu, Fe, Ni, Pb and Zn, from the ochres. It is evident there exist a number of
possible environmentally beneficial uses for ochre. Given the role of Fe in OM stabilisation,
another possible, currently unexplored role is the use of ochre amendments to enhance organic
C sorption. The hypothesised capability of ochre to enhance organic C sorption and increase
SOC storage, would give a great motive for it to be added as a treatment to soils.
1.4 Aims, Objectives and Hypotheses
The aim of this study was to understand the effect of ochre amendments on the availability
and lability of SOC, based on the assessment of the change in quantity of C released into soil
solution. This was achieved through an adsorption experiment in which ochres were added to
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2 soils with varying properties and the quantity of C released into solution was measured. It
is hypothesised that the addition of the ochres will enhance organic C sorption, decreasing the
release of C into solution.
2 Methodology
2.1 Experimental Materials
The ochre samples were provided by Mr. J Aumonier of the Coal Authority and were collected
from the former mine sites of Morlais (SN 57225 02234), Saltburn (NZ 67260 19783), Ynysarwed
(SN 80857 01749), Lynemouth (NZ 28372 91616), Blenkinsop (NY 67006 64317), Polkemmet
(NS 93550 64050) and Whitworth (SS 79810 96870). Previous analysis for the Coal Authority
indicates that the ochres have varying As (and other contaminant metal) concentrations, and
they all have relatively high production rates (Aumonier, Pers. Comm., 2020). The Saltburn,
Ynysarwed, Blenkinsop, Polkemmet andWhitworth ochres were supplied moist in sealed, plastic
containers; the Morlais and Lynemouth ochres were supplied dry. All of the ochres were freeze
dried and crushed to ≤2 mm prior to characterisation and use in experiments to homogenise
the material for reproducibility.
Two soils were used in this study, an Agricultural Soil (SE 62635 49583) with a relatively
low OM content and a Woodland Soil (SE 62084 50860) with a greater OM content, provided
by Prof. M Hodson. The soils were air-dried, sieved to ≤2 mm to remove all visible fine and
coarse roots, leaf litter, or any less decomposed plant materials and gravels, and stored prior
to characterisation and use in experiments.
The ochres were characterised using standard methods applied to the freeze-dried samples.
The pH was determined in water (Rowell, 1994). Mass loss on ignition at 350°C was used as a
proxy for total OM and total C (Rowell, 1994). The surface area of the ochres was determined
by N2 adsorption and application of the BET isotherm (Brunauer et al., 1938). Pseudo-total As,
Fe and other potentially toxic metals were measured by aqua regia digest (British Standard,
1995). Particle size analysis was carried out using a laser granulometer. Mineralogy of the
ochres was determined by X-ray diffraction using a Philips PW1050 with Philips X40 software
at the University of Leeds. The ochres were also characterised in terms of extractable Fe
using sodium pyrophosphate, acid ammonium oxalate and dithionite-citrate methods which are
assumed to extract organically complexed Fe; organically complexed and amorphous inorganic
Fe; and organically complexed, amorphous inorganic Fe and Fe oxides, respectively (Loeppert
and Inskeep, 1996). The Fe extractions are discussed in more detail in Chapter 4, Section 2.2.
The soils were characterised using standard methods applied to the air-dried samples. The
methods for pH, total C content, potentially toxic metals and mineralogy were used as outlined
above. In addition to those analyses, plant available inorganic phosphorus was measured by
the Olsen P extraction and analysis on an autoanalyser (Seal AA3 Autoanalyser) (Sims, 2000)
and soil texture was assessed by hand texturing established by Thien (1979). The Olsen P
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extraction is discussed in more detail below in Chapter 4, Section 2.2. Results of these analyses
are given in Table 1.
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2.2 Adsorption Experiment
An adsorption experiment was carried out in order to determine whether the ochres had the
capacity to reduce C released from soil into solution. One gram of air-dried soil sieved to ≤2mm
was shaken with 0, 0.05 and 0.1 g (dry mass ratios of 0, 0.05 and 0.1:1 ochre:soil) freeze-dried
ochre in 20 mL of 0.01 M CaCl2 at 20°C in an end over end shaker for 24 hours at 30 rpm
(Houba et al., 2000). Experiments were performed in triplicate. After 24 hours, the pH of each
suspension was measured (using a Thermo Orion Star A111 pH meter calibrated with pH 4.01,
7 and 10.01 buffers). Subsequently, samples were centrifuged at 3000 rpm for 10 minutes; the
supernatant was then filtered (Whatman 40 filter paper) into separate vials and frozen at -20°C
until DOC, metal and phosphorus analyses. Elemental analysis of solutions was carried out by
ICP-OES (Thermo iCAP 7000), except for analysis of DOC which was carried out using an
elemental analyser (Elementar varioTOC select).
Method blanks were run for ICP-OES extractions to enable the detection limit of each
element to be calculated (-0.00116 - 0.563 mg/L) (Table 2 and 3). The coefficient of variation
determined from duplicate analysis of 10 % of solutions for elements above detection ranged
from 7.62 - 88.1 % for the ICP-OES; precision for elements below detection is not reported
(Appendix A: Table A1). The coefficient of variation determined from duplicate analysis of
10 % of solutions was 1.03 % for the elemental analyser (Gill, 1997). Accuracy was calculated
using the following equation:
accuracy =
100×measured concentration
reported value of a certified reference material
(1)
Based on the analysis of an in-house certified reference material of 0.5 mg/L, the accuracy of
the ICP-OES analyses ranged from 86.7 - 157 % for metal analysis (Appendix A: Table A1); the
CRM was not matrix-matched to the standards. Based on the analysis of an in-house certified
reference material of 50 mg/L, the accuracy of the DOC analyses was 103 %.
2.3 Statistical Analysis
Statistical analyses were conducted using R Studio (Version 4.1.0). Data are presented as
means ± standard deviation, n = 3. All statistical analyses were tested at a confidence level
of 95 %. A Levene and Kolmogorov-Smirnov test were used to assess the equality of variance
and normality of the data, respectively. Data sets for each soil comprised triplicate control
samples together with triplicate treatments at 0.05:1 and 0.1:1 ochre:soil amendment levels of
8 different ochres. pH was converted to proton concentration for statistical analysis. All values
below detection were retained.
The dataset was split between the two soils; a one-way ANOVA was performed on each
dataset, with ochre treatment (control, 0.05:1 and 0.1:1) as the factor, subsequently employing
a Dunnett’s test to compare the differences in DOC, metals and phosphorus released into
solution, and the pH of the solution between the control treatment and the ochre treatments.
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These analyses were performed in order to confirm an effect of the ochre treatments on the
variable stated above.
Following this, a three-way ANOVA was performed, with soil (Agricultural vs Woodland),
ochre level (control, 0.05:1 and 0.1:1) and ochre type as factors (Wilcox, 1993). Control
treatment data were removed from the dataset to ensure the ANOVA was balanced. If the
three-way ANOVA identified significant effects, either a one-way ANOVA, with a subsequent
Tukey test, or a Kruskal-Wallis multiple comparison test, adjusted with the Bonferroni method,
with a subsequent Dunn test, was performed, depending on whether the data was normally
distributed with equal variances. These tests determined whether there were significant
differences in DOC, metals and phosphorus released into solution, and the pH of the solution
between soils, treatments and ochres. Having identified significant interactions with the
three-way ANOVA, differences in DOC, metals, phosphorus and pH of the solutions of ochre
treatments of the same concentration treatment between soils, and of the different ochre
treatments within the same soils were assessed with a two-way ANOVA, with factors of soil
and ochre, and treatment and ochre, respectively, followed by a Tukey test. An independent
samples t-test, with soil as the factor, compared differences in DOC, metals and phosphorus in
solution, and pH, between the Agricultural and Woodland Soils in the control treatments.
To support the results and allow for the control data to be incorporated into the analysis,
two-way ANOVAs, with subsequent Tukey tests, were used to see if the differences in percentage
reduction of DOC between soil and ochre types, and treatment and ochre types, were significant.
Percentage reduction was determined by taking an average of the control data for each soil and
using this value to calculate the percentage reduction for each of the ochre treatments relative
to the control. A single sample t-test was also performed to determine whether the mean
percentage reduction in DOC due to the ochre treatments was significantly greater than 0.
3 Results
3.1 Soils and Ochres
As seen in Table 1 (Section 2.1), the soils and ochres had varying physical and chemical
properties. The Woodland Soil has a greater organic content (Total C 5.63 %) compared
to the Agricultural Soil (Total C 3.69 %) (p≤0.05: ANOVA and Tukey test). The Fe content
of all of the ochres exists primarily as finely divided crystalline Fe solid phases, followed by
non-crystalline inorganic forms of Fe and organic complexed Fe, as told by the Fe extraction
data (p≤0.05: ANOVA and Tukey test). These results of the Fe extractions are consistent with
the mineralogy of the ochres as the majority of the ochres are largely made up of goethite, a
finely divided crystalline Fe solid phase.
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3.2 Dissolved Organic Carbon
DOC results of the adsorption experiment for the Agricultural and Woodland Soils are shown
in Figure 1 and Figure 2, respectively. For both soils, the ochre treatments significantly reduced
the C released from Agricultural andWoodland Soils into solution (p≤0.05), with the exceptions
of the 0.05 treatment of Blenkinsop 2 in both soils, both treatments (0.05 and 0.1) of Lynemouth
in the Agricultural Soil, the 0.1 treatment of Saltburn in both soils, and the 0.1 treatment of
Blenkinsop 2 in the Agricultural Soil (Figures 1 and 2). The t-test between controls showed
that the Agricultural Soil released significantly less C into solution than the Woodland Soil
(p>0.05). Comparing all of the 0.05 treatments with the 0.1 treatments, the two were found
not to be significantly different (p>0.05). No difference was found between the Agricultural
and Woodland Soils when comparing the low and high treatments of each soil individually
(p>0.05).
These results are supported by the DOC percentage reduction data; there is no significant
difference in percentage reduction of C release between the 0.05 and 0.1 treatments when
analysing the soils individually. However, within the Agricultural Soil, the two-way ANOVA
revealed the 0.1 concentration of Whitworth to have a significantly greater DOC percentage
reduction than the Blenkinsop 2 ochre at the same treatment level (p≤0.05). When comparing
the two soils together, the 0.1 Lynemouth treatment in the Woodland Soil had a significantly
greater DOC percentage reduction than the same ochre treatment in the Agricultural Soil
(p≤0.05). The single sample t-tests revealed that the average percentage reduction for
Agricultural and Woodland Soils were significantly greater than 0 (p≤0.05).
Figure 1: Mean organic carbon released into solution (mg/L) from the Agricultural Soil
for control, 0.05 and 0.1 treatments. 0.05 and 0.1 represent the treatments of dry mass ratios
0.05:1 and 0.1:1 ochre:soil, respectively. Error bars represent standard deviation, n=3. Different
letters represent a significant difference in DOC concentration between treatments and ochre
types (p≤0.05: ANOVA and Dunnett’s test).
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Figure 2: Mean organic carbon released into solution (mg/L) from the Woodland Soil for
each control, 0.05 and 0.1 treatments. 0.05 and 0.1 represent the treatments of dry mass ratios
0.05:1 and 0.1:1 ochre:soil, respectively. Error bars represent standard deviation, n=3. Different
letters represent a significant difference in DOC concentration between treatments and ochre
types (p≤0.05: ANOVA and Dunnett’s test).
3.3 Metals
Metal release into solution from the controls and ochre treated soils was not significantly
different for: Zn, Pb, Cd and Fe in the Agricultural Soils (p>0.05). In Agricultural and
Woodland Soils, all releases of Cu, Cr, Ni and As were below their detection limits (0.330,
0.00482, 0.00870 and 0.0515 mg/L, respectively). For the Woodland Soil, all releases of Tl
were also below detection (0.00380 mg/L). For both soils, in the majority of ochre treatments,
releases of Pb, Co, Li, Tl and Ni were below detection (Table 2 and 3).
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Na release from the Saltburn and Lynemouth treated Agricultural Soil was significantly
greater at both treatment levels than it was from the Agricultural control (p≤0.05); Na release
from the Saltburn treated Woodland Soil at both treatment levels, and the Lynemouth treated
Woodland Soil for the 0.1 treatment was significantly greater than it was from the Woodland
control (p≤0.05). Generally, ochre treated soils reduced the release of Al, Ba, Li and Zn into
solution, relative to the controls (Table 2 and 3). For the Woodland soil, ochre amendments
generally reduced Zn, Pb, Co and Fe release into solution, relative to the Woodland Soil control
(Table 3).
The 0.05 Lynemouth ochre treatment, in the Agricultural Soil, released significantly more
Na into solution than the Polkemmet ochre of the same treatment concentration (p≤0.05). The
0.1 Lynemouth ochre treatment also had significantly lower Mn release from the Woodland Soil
than the high concentration of the Whitworth ochre (p≤0.05). The Blenkinsop 2 treated soils
generally released more B and Mg into solution than some of the other ochre treatments (Table
2 and 3).
The t-test comparing the controls of both soils revealed that the Agricultural Soil released
significantly more Ba and K, with the Woodland Soil releasing significantly more Mg (p≤0.05).
When comparing the same ochre level treatment across both soils, Ba, Cd and K release was
significantly greater in Morlais, Whitworth and Polkemmet treated Agricultural Soils than
Woodland Soils for the 0.1 treatment level (p≤0.05). The 0.05 Lynemouth ochre treatment
had significantly lower Na concentrations released into solution in the Woodland Soil than the
Agricultural Soil (p≤0.05). At the 0.1 treatment level, there was a significantly greater Mn
release in Lynemouth, Blenkinsop 1, Blenkinsop 2 and Polkemmet treated Woodland Soils than
that in the Agricultural Soil (p≤0.05). It was found that for both treatment levels, the Mn
release from the Whitworth treated Agricultural Soil was significantly greater than that in the
Woodland Soil; for the 0.1 treatment, the Mn release from the Morlais treated Agricultural Soil
was also significantly greater than that in the treated Woodland Soil (p≤0.05).
3.4 Phosphorus
In both Agricultural and Woodland Soils, all ochres significantly reduced the P released into
solution, compared to the control treatments (p≤0.05) (Figures 3 and 4). No differences were
found when comparing P release between different ochres within the same soils and treatment
levels, nor were there significant differences between the 0.05 and 0.1 treatments when all
the data were considered (p>0.05). No difference was found between the Agricultural and
Woodland Soils when comparing individual treatments (p>0.05).
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Figure 3: Mean concentration of phosphorus released into solution (mg/L) from the
Agricultural Soil for each treatment. Error bars represent standard deviation, n=3. 0.05 and
0.1 represent the treatments of dry mass ratios 0.05:1 and 0.1:1 ochre:soil, respectively. The
red line represents the detection limit of phosphorus on the ICP-OES; all values lie above the
detection limit (0.00904 mg/L).
Figure 4: Mean concentration of phosphorus released into solution (mg/L) from the Woodland
Soil for each treatment. Error bars represent standard deviation, n=3. 0.05 and 0.1 represent
the treatments of dry mass ratios 0.05:1 and 0.1:1 ochre:soil, respectively. The red line
represents the detection limit of phosphorus on the ICP-OES; all values lie above the detection
limit (0.00904 mg/L).
3.5 pH
The ochre treatments had a significantly higher pH than the controls in Agricultural and
Woodland Soils (p≤0.05), with the exception of the Whitworth treatments in both soils (Table
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4). The Whitworth treated Woodland Soil had a significantly higher pH in both treatments
than the Whitworth treated Agricultural Soil; the Polkemmet ochre also followed this trend in
the 0.05 treatment (p≤0.05). The Blenkinsop 2 treated Agricultural Soil had a significantly
higher pH than the Whitworth treated Agricultural Soil for the 0.1 ochre treatment (p≤0.05)
(Table 4). Comparing all of the 0.05 treatments with the 0.1 treatments, the two were found
not to be significantly different to each other (p>0.05). No difference was found between the
Agricultural and Woodland Soils when comparing the individual treatments (p>0.05).
Table 4: Mean pH of treatment for Agricultural and Woodland soils ± standard deviation,
n=3. 0.05 and 0.1 represent the treatments of dry mass ratios 0.05:1 and 0.1:1 ochre:soil,
respectively. Different letters represent a significant difference in pH between treatments and
ochre types within the same soil groups (p≤0.05).
4 Discussion
The DOC results of the adsorption experiment largely support the hypothesis that the addition
of Fe oxides to soils will enhance organic C sorption, reducing soil C availability and lability,
decreasing the release of C into solution (Figures 1 and 2, Section 3.2). Differences between
ochres appear to be related to their physical (surface area, mineralogy) and chemical (pH, Na
content) properties which will be discussed in turn.
4.1 Ochre Surface Area and Mineralogy
The Blenkinsop 2 ochre has the smallest BET surface area (38.8 m2/g), nearly half of the next
smallest surface area (Morlais: 71.3 m2/g) and substantially lower than that of the other ochres
(Table 1, Section 2.1). This is a likely reason why the Blenkinsop 2 ochre treatment does not
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result in a significant decrease of C released into solution in the majority of treated Agricultural
and Woodland Soils. The low surface area causes a low number of adsorption sites available
for OM.
Furthermore, unlike the other ochres which have high goethite contents ranging from 67.27 -
97.50 %, as mentioned in Section 3.1, the Blenkinsop 2 ochre has little goethite in its mineralogy
(26.7 %) (Table 1, Section 2.1). Goethite has a high adsorption capacity for SOC, decreasing the
release of C into solution, as mentioned in Chapter 2 (Ohno et al., 2007; Liu et al., 2014). The
mineralogy of the Blenkinsop 2 ochre is dominated by calcite (Table 1, Section 2.1): there has
been relatively little direct research on the adsorption of SOC by different forms of calcite in soils
(Rowley et al., 2018), however Randtke (1988) showed that calcium carbonate is precipitated
as a dense crystalline solid with very low surface area, resulting in minimal sites for natural
OM adsorption. This analysis is consistent with the concentration of DC extractable Fe in the
Blenkinsop 2 ochre, which is significantly lower than that of the other ochres (Table 1, Section
2.1), meaning the Blenkinsop 2 ochre has fewer finely divided crystalline Fe solid phases, such
as goethite, as estimated by the methods in Loeppert and Inskeep (1996) (explored further in
Chapter 4, Section 4.3).
4.2 Solution pH
The solutions for the ochre treated Agricultural andWoodland Soils generally had a significantly
higher pH than the control soils (Table 4, Section 3.5). Of the different ochres, Blenkinsop 2
has the greatest pH (9.36 ± 0.05) (Table 1, Section 2.1), this results in the Blenkinsop 2 treated
soil solutions having a significantly higher pH than the control treatments in both soils, and
the high concentration of the Whitworth treated Agricultural Soil. The relatively low pH of the
Whitworth ochre (4.45 ± 0.05) resulted in the Whitworth treated soils showing no significant
difference when compared to the control soil treatments. All of the ochres, excluding Whitworth
ochre, contain calcite, with Blenkinsop 2 also containing aragonite (Table 1, Section 2.1) – these
CaCO3 minerals dissolve in water, consuming protons and increasing the pH of the solution.
The low pH of the Whitworth treated soils is consistent with the absence of calcium carbonate.
Zhang et al. (2020) found that a higher soil pH and/or lower levels of CEC might cause
greater levels of DOC in solution due to strong desorption of SOM (Oste et al., 2002). Some
studies suggest that a high soil pH, and hence, high levels of OH−, can increase desorption
of SOC (thus more DOC in soil water) due to increased negative charges on SOM (Oste et
al., 2002; Whittinghill and Hobbie, 2011). The pH trends seen in the ochres support this:
Blenkinsop 2 has no significant effect on C released into solution in the majority of treated
Agricultural and Woodland Soils, whereas the Whitworth treated Agricultural and Woodland
Soils had significant decreases of C released into solution in both treatments (Figures 1 and 2).
However, this does not explain the insignificant differences in C released into solution in the
Saltburn and Lynemouth treated soils.
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4.3 Exchangeable Sodium
The majority of the Saltburn and Lynemouth treated soils released significantly higher
concentrations of Na into solution than the control treatments (Tables 2 and 3, Section 3.3),
corresponding to the high Na contents of these ochres (344 ± 159 to 846 ± 41.7 mg/kg for
Saltburn and Lynemouth, respectively) (Table 1, Section 2.1). The effect of these ochres on
C release into solution is consistent with the known impacts of Na on soils. Both treatments
(0.05 and 0.1) of Lynemouth in the Agricultural soil, and the high concentration treatments
(0.1) of Saltburn in both soils did not significantly reduce C released into solution, compared
to the control treatments of each soil (Figures 1 and 2, Section 3.2).
Exchangeable Na has adverse effects on soil dispersion: when Na-induced soil dispersion
causes loss of soil structure, aggregate stability is reduced (Gupta et al., 1984; Suarez et al.,
1984; Levy and Torrento, 1995). Exchangeable Na+ ions promote dispersion for two reasons:
(1) because of their single charge and large hydrated size, they have a weak attraction to soil
colloids, forming loose outer-sphere complexes around the colloids. (2) Compared to divalent
cations, twice as many monovalent Na+ ions are needed to provide enough positive charges to
counter the negative charges on a clay surface, producing well-spread Na-saturated colloids.
This limits the forces of cohesion between colloids, with the poorly balanced electronegativity
of each colloidal surface repelling other electronegative colloids, dispersing the soil (Weil and
Brady, 2016). In the presence of CaCO3, excess exchangeable Na results in high pH of sodic
soils (Gupta et al., 1984; Suarez et al., 1984); the high pH levels in sodic soils may cause SOM
to disperse and dissolve, as explained in Section 4.2. Gupta et al. (1984) found that additions of
OM at a sodium adsorption ratio greater than 15 - 20 also increased soil dispersion. Increased
pH and Na in solution leads to increased desorption of SOC and increased DOC in soil solution
(Zhang et a.., 2021; Setia et al., 2013).
4.4 Metals
Given the known presence of potential toxic metals in ochre deposits, there is a concern that
their addition to soils may lead to harmful increases in metal concentrations. In soils, it is
key to look at how available metals are for uptake by soil organisms (Smith and Huyck, 1999;
Kabata-Pendias, 2004). Within the adsorption experiments, a good proxy for this is the release
of metals into solution. The comparison of these metal concentrations in solution to water
quality standards could determine the level of risk and potential for harm. However, this data
would act as a worst-case scenario as in the field, it is unlikely that all of the available metals
will be released into the soil due to sorption-contact constraints. In this study, the majority of
metals released into solution were either below detection or no greater than those released by
the controls (Table 2 and 3). These results are largely supported by those of the aqua regia
digestions measuring pseudo total metals in the ochres and soils, of which concentrations of
Cd, Cr, Cu and Tl were below detection and concentrations of Mg, K, Al, Ba, Li and Pb were
greater in soils than in the ochres (Table 1, Section 2.1). Cd, Ni and Pb, some of the metals
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which were below the detection limit of the ICP-OES in the adsorption experiments, do not
breach limits set by the Environmental Quality Standards Directive for these priority substances
(2008/105/EC) (European Commission, 2013). Furthermore, concentrations of As, Cu, Fe, Mn
and Zn largely lie below the standards for specific pollutants set by the Water Framework
Directive (Water Framework Directive, 2015). However, for some ochre treated Agricultural
and Woodland Soils, the concentration of Mn release from soil into solution breaches this limit
(0.123 mg/L) (Tables 2 and 3, Section 3.3). The concentration of Mn release into solution in the
Agricultural and Woodland controls also breached this standard; however, only the Whitworth
treated soils at both treatment levels produces concentrations with a cause for concern as
these solution Mn concentrations are significantly higher (2.38 ± 0.0586 mg/L, 3.64 ± 0.157
mg/L, 1.05 ± 0.134 mg/L and 1.00 ± 0.0881 mg/L for the 0.05 and 0.1 Whitworth treated
Agricultural Soil and 0.05 and 0.1 Whitworth treated Woodland Soil, respectively) than the
respective controls (0.747 ± 0.135 mg/L and 0.678 ± 0.0555 mg/L for the Agricultural and
Woodland control) (Tables 2 and 3, Section 3.3). However, as mentioned, these values are most
likely an overestimation of the concentration of Mn that could be released into soil solution in
the field. The low solubility of Mn at a neutral and alkaline pH prevents excessive uptake by
plants, with Mn toxicity associated with acid soils (Sims, 1986); the low pH of the Whitworth
treated soils merits constant monitoring in the field.
4.5 Conclusion
The addition of the ochre to soils enhances organic C sorption, reducing soil C availability and
lability, decreasing the release of C into solution. Ochres with a high goethite content and a
relatively low - neutral pH performed the best in significantly decreasing the concentration of
C released from the soils into solution. This is consistent with the knowledge of the behaviour
of Fe and OM due to sorption: goethite has a high adsorption capacity for SOC and a higher
soil pH, signifies higher levels of OH− and an increase in desorption of SOC due to increased
negative charges on SOM. However, ochres generally contained CaCO3 which caused an increase
in pH, potentially causing desorption of SOM and a release of C into solution. Furthermore,
the ochres with a high Na content, released more Na into solution, performing less well due
to their adverse effects on organic C sorption and storage, resultant from an increase in soil
dispersion and a decrease in aggregate stability.
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Chapter 4: An Investigation into the Effect of
Ochre Amendments on Carbon Storage, Soil Aggregate
Formation and Plant Growth
1 Introduction
1.1 Carbon Storage Potential
As stated in Chapter 3, Section 1.1, soil minerals, predominantly Fe oxides, hydroxides, and
oxyhydroxides, are known to influence the biological stability of SOM, including DOC, via
sorption to reactive surface sites due to their small size (down to several nanometres) and high
surface reactivity via surface hydroxyl groups, or co-precipitation with the solid phase (McLean
and Bledsoe, 1992; Kaiser and Guggenberger, 2003; Kleber et al., 2005; Wagai and Mayer, 2007;
Saidy et al., 2012; Kleber et al., 2015; Porras et al., 2017; Fujii et al., 2019; Wen et al., 2019;
Wagai et al., 2020). The results of Chapter 3 conclude that the addition of Fe oxides to soils
enhances organic C sorption, reducing soil C availability and lability, decreasing the release of
C into solution.
1.2 Aggregation Potential
Soil structure has important influences on edaphic conditions and the environment; the
structure is often measured by the stability of soil aggregates (Bronick and Lal, 2005). Soil
aggregation sustains soil fertility by reducing erosion and mediating soil aeration, as well as
water infiltration and retention (Zhao et al., 2017). Large pores in the soil generally favour high
infiltration rates, good tilth, and adequate aeration for plant growth (Kemper and Rosenau,
1986). Soil aggregation protects SOM from mineralising because it physically reduces the
accessibility of organic compounds for microorganisms, extracellular enzymes, and oxygen
(Oades, 1984; Six et al., 2002; von Lützow et al., 2006). Studies on the stability of soil aggregates
under different land use rarely focus on the effects of various soil organic components, Fe oxides
in different size fractions of soil aggregates, and their interactions. However, Zhao et al. (2017)
found that the interaction of Fe oxides and SOM, and the differential roles of Fe oxides in
formation or break-down of soil aggregates of middle sizes, were key to the stability and size
distribution of soil aggregates in their studied red soil in southern China.
1.3 Plant Growth Potential
Fe is among the essential nutrients in plants, being involved in metabolic functions (Zuo and
Zhang, 2011). In plants, Fe participates in many physiological processes including chlorophyll
biosynthesis, respiration, and redox reactions (Mimmo et al., 2014; Ye et al., 2015; Zargar et
al., 2015; Rui et al., 2016). Rizwan et al. (2019) found that Fe oxide nanoparticles improved
the plant growth and reduced the oxidative stress and cadmium concentration in wheat, as
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measured by plant height and dry weights of shoots and roots. Lebrun et al. (2021) discovered
that ochre amendments to soil, alone and combined with biochar and manure, improved
soil conditions, which in turn allowed better plant growth of Agrostis capillaris, providing
motivation for it to be added to agricultural soils. Mertz et al. (2021) found similar results,
with additions of ochre with manure preventing metal contaminants leaching during infiltration
by modifying the physical, chemical and biological properties of soil, consequently ameliorating
plant growth.
1.4 Aims, Objectives and Hypotheses
The aim of this study was to understand the effect of ochre amendments on C lability, in a
more realistic experiment than the adsorption study (Chapter 3), as well as plant growth, and
to determine whether Fe oxide is the limiting factor in soil aggregate production. This was
achieved through a plant growth experiment in which ochres were added to 2 soils with varying
properties, which were incubated for 8 weeks and then used in plant growth experiments.
The soil aggregate size distribution, quantities of cold and hot water extractable C, extractable
phosphorus, extractable Fe and soil pH was measured on the soil post incubation and post plant
growth. Changes in these variables were used to determine the effects of ochre amendments on
C lability and plant growth. It is hypothesised that the addition of Fe oxide ochres will reduce
C availability and increase the proportion of macroaggregates produced, having no effect on
plant growth.
2 Methodology
2.1 Experimental Materials
The Agricultural and Woodland Soils and Morlais, Lynemouth and Polkemmet ochres were
used, as previously described in Chapter 3, Section 2.1. The soils and ochres were characterised
using standard methods, as described in Chapter 3, Section 2.1. Results of these analyses are
given in Table 1: Chapter 3, Section 2.1.
2.2 Incubation Experiment
Four hundred grams of moist soil were mixed with moist ochre equivalent to dry masses of 0, 2
and 20 g (dry mass ratios of 0, 0.005 and 0.05:1 ochre:soil); five replicates were established per
treatment. Fifty millilitres of deionised water were added to the samples containing Woodland
Soil and the components were well mixed by hand; no deionised water was added to the
Agricultural Soil samples due to its wetness. Treatments and controls were incubated for 8
weeks at 30°C in sealed plastic bags in darkness. Bags were opened weekly and the soils and
ochres were mixed by hand.
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After 8 weeks of incubation, analysis of hot and cold-water extractable C, plant available
inorganic P, extractable Al, Fe, Mn and Si, soil pH in water and soil aggregate size was
conducted.
The extraction of hot-water C was conducted in two steps: the first involving the removal
of readily soluble cold-water extractable C (CWEC) from the soils that may have come from
recent liming of the soil or from animal excreta and soluble plant residues; the second involving
the extraction of labile components of soil C at 80°C for 16 h; this is subsequently referred to as
hot-water extractable C (HWEC). The supernatants of each extraction were filtered through
0.45 µm cellulose nitrate membrane filters and analysed for DOC using an elemental analyser
(Elementar varioTOC select).
Plant available inorganic P levels were measured by the Olsen P extraction, at pH 8.5; 5
g of sample was shaken at 20°C with 100 mL of sodium hydrogen carbonate and 0.05 % m/v
polyacrylamide solution for 30 minutes and filtered through Whatman no. 2 filter paper, with
analysis on an autoanalyser (Seal Analytical Nutrient Autoanalyser) (Olsen, 1954).
Quantities of extractable Al, Fe, Mn and Si were determined through the dissoluting
methods of sodium pyrophosphate (SP), ammonium oxalate (AO) and dithionite-citrate (DC)
(Loeppert and Inskeep, 1996). These results allow for quantities of organic complexed Fe,
non-crystalline inorganic forms of Fe and finely divided crystalline Fe solid phases to be
estimated. The AO and DC extraction samples were filtered through Whatman no. 40 filter
paper, with the SP samples filtered through a 0.2-micron nylon syringe filter. Elemental analysis
of all samples was carried out by ICP-OES (Thermo iCAP 7000). Data for extractable Al, Mn
and Si for each extraction are presented in Appendix B (Figures B1, B2 and B3) and will not
be discussed further.
Water stable soil aggregates were measured by wet sieving to 5 aggregate size
fractions: large macro-aggregates (>2000 µm), medium macro-aggregates (1000 - 2000 µm),
small macro-aggregates (250 - 1000 µm), micro-aggregates (53 - 250 µm) and silt/clay
micro-aggregates and minerals (<53 µm) (Cambardella and Elliott, 1993). The soil was dried
overnight at 105°C, and subsequently weighed.
For all analyses, accuracy was calculated using Equation 1 (Chapter 3, Section 2.2). Method
blanks were run for ICP-OES extractions to enable the detection limits of Al, Fe, Mn and Si to
be calculated (0.000313 - 0.115 mg/L). The coefficient of variation determined from duplicate
analysis of 10 % of solutions for elements above detection ranged from 4.52 - 13.4 %, 2.42 -
9.67 % and 6.31 - 10.5 % for the ICP-OES for the SP, AO and DC extractions, respectively
(Gill, 1997). Based on the analysis of an in-house certified reference material of 0.5 mg/L,
the accuracy of the ICP-OES analyses ranged from 94.7 - 117 %, 105 - 133 % and 80.0 -
117 % for the ICP-OES for the SP, AO and DC extractions, respectively; the CRM was not
matrix-matched to the standards. For the C analysis by elemental analyser, the coefficient
of variation was 2.26 %. Based on the analysis of matrix-matched in-house certified reference
material of 50 mg/L, the accuracy of the DOC analyses was 102 %. For the P analysis by
autoanalyser, the coefficient of variation for a solution with a mean concentration of 1.99 mg/L
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was 0.241 % (n = 10). Based on the analysis of a matrix-matched in-house certified reference
material of 1 mg/L, the accuracy of the Olsen P analyses was 118 %.
2.3 Plant Growth Experiment
Wheat (Triticum aestivum) is among the world’s major cereals and is the staple food for over 50
% of the global population, with 713 million tons per annum production (FAO, 2014; McVetty
et al., 2016; Rady et al., 2019; Lu et al., 2020). A plant growth experiment was set up through
the addition of pre-germinated common wheat (Triticum aestivum; 3 seeds per pot) to a 150
g subsample of the soil-ochre mix after a week of them being removed from incubation. The
plants were watered weekly, with approximately 25 mL water added to each sample in order for
the sample to maintain as weight of 175 g with the water added; the plant pots were randomly
assorted and rotated at random to ensure uniformity in growth. The plants were grown for 40
days under natural light conditions and harvested. Shoots were cut 1 cm above ground level;
shoots were oven-dried at 70°C for 24 hours and weighed for biomass determination. Soil pH
was determined in water to understand the effects of ochre addition on pH (Rowell, 1994).
After plant harvest, analysis of CWEC and HWEC, plant available inorganic P, soil aggregate
size, extractable Al, Fe, Mn and Si and soil pH in water was repeated on the Plant Growth Soil.
Soil respiration rates were also measured following plant harvest, to determine whether ochre
amendments to soils had an effect on this, relative to the control. Moist soil was incubated
with NaOH for 1 week at 20°C. BaCl2, deionised water and phenolphthalein was added to the
NaOH and titrated against HCl. Soil respiration rates were calculated following methods in
Rowell (1994).
2.4 Statistical Analysis
Statistical analyses were conducted using R Studio (Version 4.1.0). Data are presented as
means ± standard deviation, n = 5, unless otherwise stated. All statistical analyses were
tested at a confidence level of 95 %. A Levene and Kolmogorov-Smirnov test were used to
assess the equality of variance and normality of the data, respectively. pH was converted
to proton concentration for statistical analysis. Incubation Soil and Plant Growth Soil data
were analysed separately. The dataset was split between the two soils; a one-way ANOVA
was performed on each dataset, with ochre treatment (control, 0.005:1 and 0.05:1) as the
factor, subsequently employing a Dunnett’s test to compare the differences in CWEC, HWEC,
extractable P, extractable Fe, aggregate fraction sizes and the pH of the solutions for both
the Incubation and the Plant Growth Soil, as well as biomass and soil respiration for Plant
Growth Soil, between the control treatment and the ochre treatments. These analyses were
performed in order to confirm any effects of the ochre treatments on these variables. Following
this, a three-way ANOVA was performed, with soil (Agricultural vs Woodland), ochre level
(control, 0.005:1 and 0.05:1) and ochre type as factors (Wilcox, 1993). Control treatment data
were removed from the dataset to ensure the ANOVA was balanced. If the three-way ANOVA
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identified significant effects, either a one-way ANOVA, with a subsequent Tukey test, or a Dunn
(1964) Kruskal-Wallis multiple comparison test, adjusted with the Bonferroni method, was
performed, as per the previous chapter, depending on whether the data was normally distributed
with equal variances. These tests determined whether there were significant differences in
CWEC, HWEC, extractable P, extractable Fe, aggregate fraction sizes and the pH of the
solutions for Incubation Soil, as well as biomass and soil respiration for Plant Growth Soil,
as per above, between soils, treatments and ochres. Having identified significant interactions
with the three-way ANOVA, differences in these variables for ochre treatments of the same
concentration between soils, and for the different ochre treatments within the same soils were
assessed with a two-way ANOVA, with factors of soil and ochre, and treatment and ochre,
respectively, followed by a Tukey test. An independent samples t-test, with soil as the factor,
compared differences in CWEC, HWEC, extractable P, extractable Fe, aggregate fraction sizes
and the pH of the solutions for Incubation Soil, as well as biomass and soil respiration for Plant
Growth Soil between the Agricultural and Woodland Soils in the control treatments.
Correlations between extractable C (CWEC and HWEC) and Fe extractions and pH were
identified for each soil group, with Pearson correlations used on normal data, identified using a
Kolmogorov-Smirnov test, and Spearman correlations used on non-normal data. A Welch two
sample t-test was performed to identify significant differences between the Fe extractions of the
Incubation samples and the Plant Growth samples.
3 Results
The results of the incubation and plant growth study are discussed in turn in Sections 3.1 and
3.2, with differences in Fe extractions between the incubation and the plant growth experiments
discussed in Section 3.3. Figures 1, 2, 3 and 4 present the CWEC and HWEC, extractable P,
extractable Fe and aggregate size distribution, respectively, and Table 1 the pH results of the
incubation and plant growth experiments. Figure 5 and Table 2 present the shoot biomass and
soil respiration results of the plant growth experiment.
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Figure 1: Mean carbon concentration (mg/L) of CWEC and HWEC of (a) Agricultural
Incubation samples, (b) Woodland Incubation samples, (c) Agricultural Plant Growth samples
and (d) Woodland Plant Growth samples. Error bars represent standard deviation, n=5. 0.005
and 0.05 represent the treatments of dry mass ratios 0.005:1 and 0.05:1 ochre:soil, respectively.
Different letters represent significant differences in carbon concentration within each carbon
extraction type (CWEC: a - c; HWEC: p - t) for three different comparisons, between the
control and the ochre treatments (one-way ANOVA and Dunnett’s test;), between ochres of
the same treatment level (two-way ANOVAs and Tukey tests) and between different treatment
levels of the same ochre (two-way ANOVAs and Tukey tests), all at p≤0.05.
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Figure 2: Mean concentration of P present as phosphate (mg/L) of (a) Agricultural Incubation
samples, (b) Woodland Incubation samples, (c) Agricultural Plant Growth samples and (d)
Woodland Plant Growth samples, as determined by the Olsen P extraction method. Error
bars represent standard deviation, n=5. 0.005 and 0.05 represent the treatments of dry mass
ratios 0.005:1 and 0.05:1 ochre:soil, respectively. Different letters (a - d) represent a significant
difference in P concentration for three different comparisons, between the control and the ochre
treatments (one-way ANOVA and Dunnett’s test;), between ochres of the same treatment level
(two-way ANOVAs and Tukey tests) and between different treatment levels of the same ochre
(two-way ANOVAs and Tukey tests), all at p≤0.05.
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Figure 3: Mean concentrations (mg/kg) of extractable Fe for sodium pyrophosphate (SP)
(organically complexed Fe), ammonium oxalate (AO) (organically complexed + amorphous
inorganic Fe) and dithionite citrate (DC) (organically complexed, amorphous inorganic Fe + Fe
oxides) extractions of (a) Agricultural Incubation samples, (b) Woodland Incubation samples,
(c) Agricultural Plant Growth samples and (d) Woodland Plant Growth samples. Error bars
represent standard deviation, n=5. 0.005 and 0.05 represent the treatments of dry mass ratios
0.005:1 and 0.05:1 ochre:soil, respectively. Different letters represent a significant difference in
Fe concentration within each extraction type (SP: a - d; AO: p - q; DC: α - δ) for three different
comparisons, between the control and the ochre treatments (one-way ANOVA and Dunnett’s
test;), between ochres of the same treatment level (two-way ANOVAs and Tukey tests) and
between different treatment levels of the same ochre (two-way ANOVAs and Tukey tests), all
at p≤0.05.
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Table 1: pH of Agricultural and Woodland Incubation and Plant Growth samples. Error bars
represent standard deviation, n=5. 0.005 and 0.05 represent the treatments of dry mass ratios
0.005:1 and 0.05:1 ochre:soil, respectively. Different superscript letters within each soil column
(Incubation Agricultural Soil: a; Incubation Woodland Soil: p - r; Plant Growth Agricultural
Soil: α - β; Plant Growth Woodland Soil: π - σ) represent a significant difference in pH for
three different comparisons, between the control and the ochre treatments (one-way ANOVA
and Dunnett’s test;), between ochres of the same treatment level (two-way ANOVAs and Tukey
tests) and between different treatment levels of the same ochre (two-way ANOVAs and Tukey
tests), all at p≤0.05.
Figure 4: Aggregate percentages by total mass for >2000 µm; 1000 - 2000 µm; 250 - 1000 µm;
53 - 250 µm and <53µm size fractions of (a) Agricultural Incubation samples, (b) Woodland
Incubation samples, (c) Agricultural Plant Growth samples and (d) Woodland Plant Growth
samples. Error bars represent standard deviation, n=5. 0.005 and 0.05 represent the treatments
of dry mass ratios 0.005:1 and 0.05:1 ochre:soil, respectively.
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Figure 5: Mean shoot biomass of Triticum aestivum, as measured by oven dried shoot weight
(g) for (a) Agricultural and (b) Woodland soil samples. For Agricutural samples, error bars
represent standard deviation, n=5 for Lynemouth 0.005 treatment; n=4 for Morlais 0.005 and
0.05, Polkemmet 0.005 and Lynemouth 0.05 treatments; n=3 for control, Polkemmet 0.05
treatments. For Woodland samples, error bars represent standard deviation, n=5. 0.005 and
0.05 represent the treatments of dry mass ratios 0.005:1 and 0.05:1 ochre:soil, respectively.
Significance letters are not included as no significant difference in shoot biomass was found
between the control and the ochre treatments, between ochre types of the same treatment level
or between different treatment levels of the same ochre type (p>0.05: one-way ANOVA and
Dunnett’s test; two-way ANOVAs and Tukey tests).
Table 2: Soil respiration rates (gCO2/g/s) for Agricultural and Woodland soil samples. Error
bars represent standard deviation, n=5. 0.005 and 0.05 represent the treatments of dry mass
ratios 0.005:1 and 0.05:1 ochre:soil, respectively. Significance letters are not included as no
significant difference in soil respiration was found between the control and the ochre treatments,
between ochre types of the same treatment level and between different treatment levels of the
same ochre type (p>0.05: one-way ANOVA and Dunnett’s test; two-way ANOVAs and Tukey
tests).
3.1 Incubation Analysis
3.1.1 Comparisons to the controls
The ochre amendments to the Agricultural Soil generally had no significant effects on any
of the variables (CWEC, HWEC, extractable P, extractable Fe, aggregate fraction sizes and
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the pH of the solutions), relative to the Agricultural control (p>0.05). The ochre amended
Woodland Soil also generally showed no significant effect on these variables, as compared to
the Woodland control (p>0.05), with the exception of the CWEC and DC extractable Fe data.
All ochre treated Woodland Soils had significantly lower concentration of CWEC, the labile
SOC fraction, relative to the control (Figure 1), with the majority of the treated Woodland
Soils having a significantly higher DC extractable Fe concentration than that of the control
(p≤0.05) (Figure 3).
3.1.2 Comparisons between ochres
Comparing the ochre treatments at the same treatment levels across soils, there were some
differences within variables but no noticeable trends across variables. The 0.005 treatment
of the Polkemmet ochre in Agricultural Soil has significantly greater CWEC concentrations
than the 0.005 treatments of Morlais and Lynemouth (p≤0.05) (Figure 1). The 0.005 Morlais
treated Agricultural Soil had a significantly greater DC extractable Fe concentration than the
Lynemouth and Polkemmet treatments (p≤0.05) (Figure 3). At the 0.005 treatment level, the
Polkemmet treated Agricultural Soil had a significantly smaller percentage mass of the 1000 -
2000 µm size fraction than the Morlais and Lynemouth treated soils (Figure 4). At the 0.05
treatment level, the Morlais treated Agricultural Soil had a significantly smaller percentage
mass of the >2000 µm size fraction but a significantly greater percentage mass of the <53 µm
size fraction than the Polkemmet treatment, as well as a significantly greater percentage mass
of the 1000 - 2000 µm size fraction than the Lynemouth treatment (p≤0.05) (Figure 4).
The 0.005 Morlais treated Woodland Soil had a significantly greater DC extractable
Fe content than the Polkemmet treatment (p≤0.05) (Figure 3). The Polkemmet treated
Woodland Soil had a significantly greater pH than the Morlais and Lynemouth ochres at the
0.005 treatment level, with the Morlais treatment having a significantly lower pH than the
Lynemouth and Polkemmet treatments at the 0.05 treatment level (p≤0.05) (Table 1). The
Lynemouth treated Woodland Soil had a significantly smaller percentage mass of the 250 -
1000 µm size fraction than the Morlais and Polkemmet treated soils, as well as a significantly
greater percentage mass of the <53 µm size fraction than the Morlais treated Woodland Soil
(p≤0.05) (Figure 4). In the 0.05 ochre treated Woodland Soil, the Polkemmet treatment had
a significantly smaller percentage mass of the 250 - 1000 µm size fraction than the Lynemouth
treatment; the Morlais treatment had a significantly greater percentage mass of the 53 - 250
µm size fraction but a significantly smaller percentage mass of the <53 µm size fraction than
the Lynemouth and Polkemmet ochres (p≤0.05) (Figure 4).
3.1.3 Comparisons between treatment levels
Comparing all of the 0.005 treatments with the 0.05 treatments in each soil, there were
some differences within variables but no noticeable trends across variables. The 0.05 ochre
treated Agricultural Soils tended to have greater DC extractable Fe concentrations than the
corresponding 0.005 treatments (p≤0.05) (Figure 3). No difference was found in the SP and AO
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extraction types (p>0.05) (Figure 3). At the 0.05 treatment level, the Morlais and Lynemouth
treated Woodland Soils had a significantly lower and greater pH than at the 0.005 treatment
level, respectively (p≤0.05) (Table 1). In the Agricultural Soil, the 0.05 treatments of Morlais
and Lynemouth had significantly greater percentage masses of <53 µm and 1000 - 2000 µm size
fractions, respectively, than the 0.005 treatments of the same ochres (p≤0.05) (Figure 4). In
the Woodland Soil, the 0.05 treatment of Morlais had a significantly greater percentage mass
of the 53 - 250 µm size fraction, and a significantly smaller percentage mass of the <53 µm size
fraction than the 0.005 Morlais treated Woodland Soil (p≤0.05) (Figure 4). Furthermore, in
the Woodland Soil, the 0.05 Lynemouth treatment had significantly greater percentage masses
of 1000 - 2000 µm and 250 - 1000 µm size fractions, and a significantly smaller percentage
mass of the <53 µm size fraction, with the Polkemmet treatment at the 0.05 level having a
significantly smaller percentage mass of the 250 - 1000 µm size fraction, as compared to the
0.005 treatments of the same ochres (p≤0.05) (Figure 4).
3.1.4 Comparisons between soils at control level
The t-test comparing the controls of both soils revealed that Woodland Soil had significantly
greater HWEC than the Agricultural Soil but the Agricultural control had a significantly greater
AO extractable Fe concentration than the Woodland control (p≤0.05) (Figure 1 and 3). The
Agricultural Soil had significantly greater percentage masses of >2000 µm and <53 µm and
smaller percentage masses of 250 - 1000 µm and 53 - 250 µm size fractions than the Woodland
Soil (p≤0.05) (Figure 4).
3.1.5 Comparisons between soils at ochre treatment level
When comparing the same ochre level treatment across both soils, it was found that at the
0.05 treatment level, all ochre treated Agricultural Soils had a significantly lower HWEC
concentration than in the Woodland Soils (p≤0.05) (Figure 1). This corresponds to the
Fe extraction data: at the 0.005 treatment level, the ochre treated Agricultural Soils had
significantly higher DC extractable Fe concentration than the Woodland Soil (p≤0.05) (Figure
3). The 0.005 and 0.05 Morlais treated Agricultural Soils had a significantly higher pH, with
Polkemmet having a significantly lower pH than the same treatment in the Woodland Soil
(p≤0.05) (Table 1). The ochre treated Agricultural Soils, at both treatment levels, tended
to have significantly greater percentage masses of >2000 µm and <53 µm, and significantly
smaller percentage masses of 250 - 1000 µm and 53 - 250 µm size fractions, compared to the
Woodland Soil (p≤0.05) (Figure 4).
3.1.6 Correlations between variables
There were no significant correlations between CWEC or HWEC and the different extractable
Fe fractions or pH in the Agricultural samples (p>0.05), with the exception of a significant
moderate negative correlation between HWEC and pH (p≤0.05; r=-0.51). In the Woodland
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samples, a significant moderate positive correlation was found between CWEC and DC
extractable Fe (p≤0.05; r=0.47), with moderate negative correlations found between CWEC
and AO extractable Fe and pH (p≤0.05; r=-0.46 and -0.40, respectively), as well as between
HWEC and AO extractable Fe (p≤0.05, r=-0.42). No significant interactions were found on
the Woodland samples between CWEC, HWEC and the other variables (p>0.05).
3.2 Plant Growth Analysis
3.2.1 Comparisons to the controls
The ochre amended soils generally had no significant effects on any of the variables, relative to
the controls (p>0.05). The ochre amendments generally had no significant effects on CWEC
and HWEC (p>0.05); however, at the 0.05 treatment level, the Morlais and Lynemouth ochre
amendments to both soils significantly reduced concentrations of CWEC, relative to their
respective controls (p≤0.05) (Figure 1). In both soils, the majority of the ochre treatments
significantly reduced the levels of extractable P, as compared to the Agricultural and Woodland
controls (p≤0.05) (Figure 2). The ochre amendments to both soils generally had no significant
effects on extractable Fe, relative to the controls (p>0.05), with the exception that the 0.05
ochre treatments in both soils tended to have significantly greater SP and DC extractable Fe
concentrations than the controls (p≤0.05) (Figure 3). In both Agricultural and Woodland
Soils, the ochre amendments generally increased the pH of the soil solution, relative to the
respective controls (p≤0.05) (Table 1). The ochre amendments to both soils generally showed
no significant effects on the distribution of aggregate size fractions, as compared to the respective
controls (p>0.05), with the exception of all ochres at the 0.005 treatment level. These ochre
treatments had a significantly greater percentage mass of 53 - 250 µm and <53 µm size fractions
and significantly smaller percentage mass of the 1000 - 2000 µm size fraction (p≤0.05) (Figure
4). The ochre amended Agricultural and Woodland Soils showed no significant effect on shoot
biomass or soil respiration, relative to the controls (p>0.05) (Figure 5; Table 2).
3.2.2 Comparisons between ochres
Comparing the ochre treatments at the same treatment levels across soils, there were some
differences within variables but no noticeable trends across variables. In the Agricultural
Soil, the 0.05 Morlais treatment had a significantly higher pH than the Lynemouth and
Polkemmet treatments (p≤0.05) (Table 1). At the 0.005 treatment level, the Lynemouth
treated Agricultural Soil had significantly greater percentage masses of the >2000 µm and
<53 µm size fractions than the Polkemmet treatment, but a significantly smaller percentage
mass of the 53 - 250 µm size fraction than the Morlais and Polkemmet ochres (p≤0.05). At
the 0.05 treatment level, the Lynemouth treated Agricultural Soil had a significantly greater
percentage mass of the >2000 µm size fraction but a significantly smaller percentage mass of the
1000 - 2000 µm size fraction than the Morlais and Polkemmet, and the Polkemmet treatments,
respectively (p≤0.05) (Figure 4). The 0.05 Morlais treated Agricultural Soil had a significantly
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smaller percentage mass of the 250 - 1000 µm size fraction than the Polkemmet treatment, but a
significantly greater percentage mass of the 53 - 250 µm size fraction than both the Lynemouth
and Polkemmet ochres (p≤0.05) (Figure 4).
In both soils, at the 0.05 level, the Polkemmet treatment had a significantly greater
CWEC concentration than the Morlais and Lynemouth ochres, as well as having a significantly
greater HWEC concentration than the Morlais ochre in the treated Woodland Soil (p≤0.05)
(Figure 1). At the 0.005 treatment level, the Polkemmet ochre also had a significantly higher
HWEC concentration than the Morlais and Lynemouth ochres (p≤0.05) (Figure 1). At both
treatment levels, the Polkemmet treated Woodland Soils had significantly greater extractable
P concentrations than Morlais and Lynemouth treatments (p≤0.05) (Figure 2). At both
treatment levels, the Morlais treated Woodland Soils had a significantly lower pH than the
Lynemouth and Polkemmet treatments (p≤0.05) (Table 1). The 0.005 Lynemouth treated
Woodland Soil had a significantly smaller percentage mass of the >2000 µm and a greater
percentage mass of the 1000 - 2000 µm size fractions than the Polkemmet and Morlais ochres,
respectively (p≤0.05) (Figure 4). In the 0.05 ochre treated Woodland Soil, the Lynemouth
treatment had a significantly greater percentage mass of the 1000 - 2000 µm size fraction than
the Morlais and Polkemmet treatments (p≤0.05) (Figure 4).
3.2.3 Comparisons between treatment levels
Comparing all of the 0.005 treatments with the 0.05 treatments in each soil, it was found
that the Morlais and Lynemouth treated Agricultural Soils had significantly lower CWEC
concentrations at the 0.05 level than the 0.005 level; the same significant trend was found in
the Morlais ochre in the Woodland Soil (p≤0.05), however no differences were found in the
Fe extractions (p>0.05) (Figure 1). Furthermore, in both soils, the majority of the 0.05 ochre
treatments had a significantly lower extractable P concentration than the corresponding 0.005
treatments (p≤0.05) (Figure 2). At the 0.05 treatment level, the Lynemouth and Polkemmet
treated Agricultural Soils had a significantly lower pH than at the 0.005 treatment level,
with the 0.05 Lynemouth treatment in the Woodland Soil having a significantly greater pH
than its 0.005 counterpart (p≤0.05) (Table 1). The 0.05 Morlais, Lynemouth and Polkemmet
treated Agricultural Soils had significantly smaller percentage masses of <53 µm size fraction
and greater percentage masses of 250 - 1000 µm size fractions than the corresponding 0.005
treatments (p≤0.05) (Figure 4). The 0.05 Morlais treatment had a significantly smaller
percentage mass of >2000 µm size fraction, with the 0.05 Lynemouth treatment having a
significantly smaller percentage mass of the 1000 - 2000 µm size fraction than the 0.005
treatments (p≤0.05) (Figure 4). In the Woodland Soil, the 0.05 treatment of Morlais,
Lynemouth and Polkemmet had significantly smaller percentage masses of 250 - 1000 µm size
fraction and significantly greater percentage masses of the 53 - 250 µm size fraction than the
0.005 treatments, with the Morlais and Lynemouth treated soils having significantly greater
percentage masses of the <53 µm size fraction at the 0.05 treatment level, as compared to the
0.005 treatments of the same ochres (p≤0.05) (Figure 4).
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3.2.4 Comparisons between soils at control level
The t-test comparing the controls of both soils revealed that the Agricultural Soil had
significantly lower concentrations of CWEC and HWEC than the Woodland Soil, corresponding
with the Agricultural control having a significantly greater SP, AO and DC extractable Fe
concentrations than the Woodland control (p≤0.05) (Figure 1 and 3). The Agricultural Soil
had significantly greater percentage masses of >2000 µm, 1000 - 2000 µm and <53 µm and
smaller percentage masses of 250 - 1000 µm and 53 - 250 µm size fractions than the Woodland
Soil (p≤0.05) (Figure 4). No significant difference was found in the biomass and soil respiration
rate between the controls of the two soils (p>0.05) (Figure 5; Table 2).
3.2.5 Comparisons between soils at ochre treatment level
When comparing the same ochre level treatment across both soils, it was found that the
Polkemmet ochre at both treatments, and the Lynemouth ochre at the 0.05 treatment, had
significantly lower CWEC concentrations in the Agricultural Soil than in the Woodland
Soil, with the Morlais, Lynemouth and Polkemmet ochres at both treatment levels, having
significantly lower HWEC concentrations in the Agricultural Soil, as compared to the Woodland
Soil (p≤0.05) (Figure 1). This corresponds to the Fe extraction data: at the 0.005 and 0.05
levels, the ochre treated Agricultural Soils had significantly greater AO and DC extractable Fe
levels than the Woodland Soil, respectively (p≤0.05) (Figure 3). However, the 0.05 Morlais
treatment had a significantly greater extractable P concentration in the Agricultural Soil than
in the Woodland Soil (p≤0.05) (Figure 2). At both treatment levels, the Morlais ochre had a
significantly higher pH in the Agricultural Soil than in the Woodland Soil, however, at the 0.05
treatment level, the Lynemouth and Polkemmet ochres had a significantly greater pH in the
Woodland Soil, as compared to the Agricultural Soil (p≤0.05) (Table 1). The ochre treated
Agricultural Soils, at both treatment levels, tended to have significantly greater percentage mass
of <53 µm size fraction and significantly smaller percentage masses of 1000 - 2000 µm, 250 -
1000 µm and 53 - 250 µm size fractions, compared to the Woodland Soil (p≤0.05) (Figure 4). At
both treatment levels, the Morlais and Lynemouth amended Woodland Soils had significantly
greater shoot biomass than the treated Agricultural Soils (p≤0.05) (Figure 5).
3.2.6 Correlations between variables
In the Agricultural samples, significant weak and moderate positive correlations were found
between CWEC and HWEC, respectively, and SP (p≤0.05; r=0.35 and 0.54, respectively),
with moderate negative correlations found between CWEC and HWEC, respectively, and DC
extractable Fe (p≤0.05; r=-0.49 and -0.43, respectively), as well as between HWEC and pH
(p≤0.05; r=-0.42). No significant interactions were found in the Agricultural samples between
CWEC, HWEC and the other variables (p>0.05). In the Woodland samples, a significant
moderate positive correlation was found between CWEC and SP extractable Fe (p≤0.05;
r=0.55), with a moderate negative correlation found between HWEC and DC extractable Fe
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(p≤0.05; r=-0.40). No significant interactions were found on the Woodland samples between
CWEC, HWEC and the other variables (p>0.05).
3.3 Iron Extraction Analysis
The t-test comparing the Fe extractions of the Incubation samples and the Plant Growth
samples revealed that the majority of the ochre treated Plant Growth samples had significantly
greater SP and DC extractable Fe concentrations than the ochre treated Incubation samples
(p≤0.05) (Figure 3). No difference was found in the AO extractable Fe between the ochre
treated samples (p>0.05) (Figure 3). For the Agricultural control, it was found that the Plant
Growth samples had significantly greater SP and DC extractable Fe concentrations, with the
Woodland Plant Growth control samples having significantly greater Fe concentrations for all
extractions than the corresponding Incubation samples (p≤0.05) (Figure 3).
4 Discussion
As hypothesised, Fe oxide amendments to soils did not have any adverse effects on plant growth,
as measured by shoot biomass (Figure 5, Section 3). The majority of the Fe oxide amendments
to soils had no effect on C availability, as measured by CWEC and HWEC, with the exception
of the ochre treated Woodland Soils which reduced the CWEC concentration, relative to the
control, decreasing labile C availability (Figure 1, Section 3). In the majority of treatments, the
ochres had no effect on the distribution of aggregate sizes, somewhat supporting the hypothesis
that the Fe oxide amendments would increase the proportion of macroaggregates produced,
given that no increase in finer sized particles was observed, despite the addition of the ochres
which are fine grained (Figure 4, Section 3).
4.1 Plant Growth
The additions of Fe oxides to soils did not have any improving or adverse effects on plant
growth, relative to the control treatments, as measured by wheat shoot biomass (Figure 4,
Section 3), despite the majority of the ochre treatments reducing the levels of soil extractable
P, as measured by the Olsen P extraction, relative to the controls (Figure 2, Section 3). Ochres
are known to have an affinity for P adsorption, having been found effective in P removal in
constructed wetlands, wastewater and agricultural runoff (Heal et al., 2003; Heal et al., 2005;
Dobbie et al., 2009). The reduced release of P into solution in the adsorption experiment
(Chapter 3, Section 3.3) and the reduced Olsen P extractable P in the incubation and plant
growth experiments are both consistent with sorption of P by Fe oxides which is known to
occur on the basis of previous studies (Dobbie et al., 2009). Phosphorus is often a limiting
nutrient (Lajtha and Jarrell, 1999), and so the reduced P levels seemingly having no effect on
plant growth in the ochre amended soils is an unexpected but promising result.
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The ochre amendments could have added some potentially harmful elements to the soils,
given the known presence of potential toxic metals in ochre deposits (Table 1: Chapter 3, Section
2.1) and the findings of the adsorption experiments, that some of the ochre treated soils released
more metals into solution than the controls (Chapter 3, Section 3.2). Subsequently, there is a
concern that the addition of ochre to soils may lead to harmful increases in the concentrations
of metals. However, this does not seem to have impacted plant growth in the ochre treated
soils, relative to the controls, but it does possibly merit additional experiments to analyse for
potential toxic metal uptake in the plant shoot biomass.
In the experiments carried out by Olimah et al. (2015), studying whether ochre has the
potential to be a remedial treatment for arsenic contaminated soils, it was also found that ochre
amendments to soils had no effect on plant growth, as measured by rye grass biomass. However,
some studies have found that additions of Fe oxide have improved plant growth: Rizwan et al.
(2019) found that Fe oxide nanoparticles improved the plant growth, increasing the lengths of
shoot and roots of wheat (Triticum aestivum) with plant height, spike length, and dry weights
of shoots, roots, spikes, and grains increased in particular with the higher rates of Fe oxide
nanoparticles. A possible reason for the differing results found Rizwan et al. (2019) is that the
soil was Fe poor (198 mg/kg (Hussain et al., 2018)) and therefore Fe was a limiting nutrient,
whereas for the soils used in the present study were not Fe poor (4040 ± 50.1 mg/kg and 2470
± 15.8 mg/kg for the Agricultural Soil and Woodland Soil, respectively).
Briat et al. (2007) and Liu and Lal (2015) provide a possible explanation of increased plant
growth with Fe oxide nanoparticles: the nanoparticles provide a great potential for the supply
of nutrients to the plants, these nutrients, such as Fe, stimulate the biosynthesis of chlorophyll
and redox process in plants which may positively affect the plant growth. A possible reason
for the Fe oxide amendments having no beneficial effects on plant growth is that they are not
small enough to enter plant cells; it is possible for nanoparticles to directly enter plant cells
through the sieve-like cell wall structures if the particle sizes are smaller than the sizes of cell
wall pores (5 to 20 nm) (Liu and Lal, 2015). The ochres have only 1.70 - 15.1 % particles in the
size range of <2 µm (Table 1: Chapter 3, Section 2.1); nanoparticles have particle sizes ranging
between 0.001 and 0.1 µm in size (Liu and Lal, 2015). Furthermore, the nanoparticles have a
higher surface area:mass ratio and are therefore more readily dissolved for uptake of aqueous
Fe.
4.2 Available Carbon
The majority of the Fe oxide amendments had no effect on extractable C content of the soil,
relative to the control samples (Figure 1, Section 3). This is supported by the fact that, in
general, few significant correlations were found in both the Incubation and Plant Growth Soils
between extractable C and extractable Fe, with the significant correlations having low r values.
However, the ochre treated Woodland Incubation Soils all reduced CWEC, the labile SOC
fraction, relative to the control (Figure 1, Section 3), indicating that the amendments to these
soils decreased C availability, increasing C storage (Ghani et al., 2003). No difference was found
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in soil respiration between the ochre treated soils and the respective controls (Table 2, Section
3), meaning that in general, all the soils respired at the same rate, suggesting that CO2 was
released at the same rate from all treatments and indicating that the biological functionality
of the soil has not been impacted. In general, the ochre amendments had no effect on soil C
availability, however in Woodland Soils, these two measures, extractable C and soil respiration,
give differing results, suggesting that the C moves from a very labile to a less labile pool, whilst
still being sufficiently available for soil bacteria respiration to not be reduced.
A possible reason for the treated Woodland Soil reducing CWEC, decreasing C availability
is that it has a greater organic content (Total C 5.63 %) compared to the Agricultural
Soil (Total C 3.69 %) (Table 1: Chapter 3, Section 2.1). Kalbitz and Kaiser (2008) found
DOM-derived C to significantly contribute to stable OM accumulation and organic C storage
in their studied woodland mineral soils. Cotrufo et al. (2019) found that the share of C between
mineral-associated and particulate OM affects soil C stocks and mediates the effects of other
variables on soil C stocks. In the Plant Growth Soils, the Woodland control had more CWEC
than the Agricultural control, as well as having more HWEC than the Agricultural control in
the Incubation and Plant Growth Soils – this indicates that as well as having more C than
the Agricultural Soil, the C was more mobile and therefore possibly more able to interact with
the ochre. The Woodland samples had additional deionised water added to them prior to
incubation – this could have increased the mixing of soil and ochre, further providing extra
chances of contact between the Fe oxides and the DOC, as discussed next.
Possible reasons for the ochre amendments to the Agricultural Soil having no effect on C
availability are associated with time and mixing. The adsorption experiments (Chapter 3) had
a high liquid to solid ratio, giving the Fe oxides a good chance of coming into contact with
the DOC, whereas in the incubation and plant growth experiments, there was a much lower
liquid to solid ratio, limiting these chances of contact. A possible solution for these problems in
practical applications would be to plough the ochre into the soil as a slurry allowing the chances
of contact to increase, however, this would increase the transport costs, as well as the water
costs. Ploughing continues to be a widely used farming practice in most agricultural soils, but
it is known that ploughing is destructive to soils and SOM (Six et al., 1999; West and Post,
2002; Baker et al., 2007).
However, in both the Incubation and the Plant Growth Soils, the ochre treated Agricultural
Soils tended to have lower extractable C concentrations than the Woodland Soils, which was
found to correspond with the Agricultural Soils having greater extractable Fe concentrations
than the Woodland Soils. There are some significant correlations between extractable C and
DC extractable Fe in the Agricultural Plant Growth Soils, with more significant correlations in
the Agricultural Plant Growth Soils than the Woodland Plant Growth Soils, supporting this
idea. These correlations are consistent with the goethite mineralogy of the ochres which, as
mentioned in Chapter 3, Section 4.1, has a high adsorption capacity for SOC, enhancing soil
C storage (Ohno et al., 2007; Liu et al., 2014). These results suggest that overall, the greater
quantity of extractable Fe in the ochre amended Agricultural Soils are adsorbing more DOC to
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their surfaces, decreasing C lability in solution (Kleber et al., 2021).
4.3 Extractable Fe
Quantities of finely divided crystalline Fe solid phases and non-crystalline inorganic forms of
Fe can be estimated by subtracting the concentrations of AO Fe from DC Fe and SP Fe from
AO Fe, respectively, with organic complexed Fe represented by the concentration of SP Fe
(Loeppert and Inskeep, 1996). As it was found that the majority of the ochre treated Plant
Growth samples had greater SP and DC extractable Fe concentrations than the ochre treated
Incubation samples, it can be estimated that the form of Fe changes, with an increase in finely
divided crystalline Fe solid phases and organic complexed Fe, but a decrease in non-crystalline
inorganic forms of Fe. This means the ochre is either crystallising or dissolving and associating
with the organic C. The finely divided crystalline Fe solid phases may be present as goethite
which, as mentioned in Chapter 3, Section 4.1 has a high adsorption capacity for SOC, which
could enhance C storage (Ohno et al., 2007; Liu et al., 2014).
4.4 Aggregate Size
Soils having a high content of Fe oxides are usually characterised by very stable soil structure
(Russel, 1971). Microaggregates are bound together into stable macroaggregates of >250 µm
diameter (Tisdall and Oades, 1982). Chesters et al. (1957) found that Fe oxide showed a marked
effect on soil aggregation, with a tendency to be more important in the smaller aggregate size
range. It was hypothesised that the ochre amendments to soils would improve soil structure as
seen by an increased proportion of macroaggregates within aggregate fraction sizes. Figure 6
depicts the possible aggregation scenarios of the ochre amendments, as discussed below.
Figure 6: Aggregate distributions in (a) soils alone, (b) soil and ochre mixtures with no
interactions and (c) soil and ochre mixtures where ochres have supported the aggregation of
material to form macroaggregates.
The ochre amendments to Incubation and Plant Growth Soils generally showed no effects
on aggregate fraction size, as compared to the respective controls, with the exception of the
0.005 ochre treatments in the Plant Growth Soils, in which the ochre treatments had a greater
proportion of 53 - 250 µm and <53 µm size fractions and a smaller proportion of the 1000 -
2000 µm size fraction (Figure 4, Section 3). Comparisons between the 0.005 and 0.05, low and
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high, ochre treatments generally showed no consistent pattern in aggregate size proportions. A
possible explanation for the difference within the 0.005 ochre treated Plant Growth Soils is that
the addition of the ochre has caused there to be more fine-grained material in these samples
(Figure 6b), relative to the control samples (Figure 6a). This increase in the proportion of
smaller aggregate size fractions possibly indicates that there has been no interaction between
the soils and the ochres (Figure 6b). However, as this pattern was only seen in the Plant Growth
Soils and not in the Incubated Soils, it could be inferred that this difference exists as a result
of the presence of plant roots in the Plant Growth samples. Kumar et al. (2017) reported that
aggregate stability tended to decrease with increasing vegetation density, perhaps because the
large macroaggregates were fragmented by growing roots.
As the majority of the treatments showed no significant differences within aggregate fraction
size proportions, it could be inferred that the fine ochres have supported the aggregation of
material to form coarse, stable macroaggregates (Figure 6c). In the ochre treated Incubation
samples, in the absence of plant roots, the fine-grained ochres promoted aggregation; in the
Plant Growth ochre treated samples, these aggregates proved to be stable in the 0.05 treatment,
however there was potentially insufficient ochre in the 0.005 treatments to have a lasting effect.
The ochres have only 1.70 - 15.1 % and 34.1 - 60.8 % particles in the size ranges of <2 µm and
2 - 20 µm (Table 1: Chapter 3, Section 2.1), providing evidence of their fine-grained clay-silt
properties. Approximately 54.7 %, 92.0 % and 66.5 % of the particles in the Morlais, Lynemouth
and Polkemmet ochres, respectively, are in the size range of <53 µm, with approximately 37.7
%, 7.99 % and 31.2 % in the size range of 53 - 250 µm. Averages of these approximations
were used to calculate the expected <53 µm and 53 - 250 µm percentage size fractions when
accounting for the addition of the fine-grained ochres, at 0.005 and 0.05 treatment levels, to the
soils. A single samples t-test revealed that there was largely a significant difference between the
expected percentage of the <53 µm and 53 - 250 µm size fractions and the actual percentage size
fractions, achieved from the water stable aggregate sieving analysis (p≤0.05), as seen in Table
3, which highlights the ochre amended soils that were found to be significantly different to their
corresponding expected size fraction at the same treatment level. In the majority of cases, the
value of the expected percentage size fraction was larger than the actual percentage size fraction
value (Table 3), reinforcing the idea that, in most ochre amended soils, the ochres may have
supported the aggregation of material to form macroaggregates (Figure 6c), rather than having
no interaction with the soils and increasing the proportion of fine-grained microaggregates
(Figure 6b). However, as not all ochres treatments followed this trend, this analysis warrants
for further experiments which assess the effect of ochre amendments on soil aggregation; it
would also be of key interest to analyse the organic C content of each aggregate size fraction.
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Table 3: Comparison of actual ochre amended soil aggregate size fraction (% by mass) against
estimated expected size fraction. Ochre amendments at the 0.005 treatment level are compared
to the expected 0.005 ochre amended size fraction and ochre amendments at the 0.05 treatment
level are compared to the expected 0.05 ochre amended size fraction. Different letters (a - b)
represent a significant difference in actual size fraction of the ochre amended soils and the
corresponding expected size fraction (single samples t-test), at p≤0.05. Data highlighted in
bold are significant results where the percentage size fraction of the ochre amended soils is
significantly lower than the expected size fraction (p≤0.05).
4.5 Conclusions
The lack of significance within the extractable C results, but the promising reduction in CWEC
in the ochre treated Woodland Soils, warrants for further experiments to take place; these
experiments require a longer incubation period, with thorough mixing, to ensure there is an
increased opportunity of contact between the Fe oxide and DOC. However, it is promising that
the ochre amendments have had no effect on plant growth, implying that the addition of Fe
oxide to soil would cause no damage to crop yield. Furthermore, the idea of the potential
incorporation of the ochres into aggregates as evidenced by the analysis of the aggregate data
is hopeful; the fine-grain materials of the ochres have not caused an increase in the proportions
of the smaller aggregate size fractions, implying that the fine ochres may have supported the
aggregation of material to form coarse, stable macroaggregates. It would be of interest to look
into the organic C content of each aggregate size fraction.
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Chapter 5: Summary and Recommendations
This thesis concludes that the addition of the ochre to soils enhances organic C sorption,
reducing soil C availability and lability, as measured by the decrease of the release of C into
solution in ochre amended soils, relative to control soils. It was found that ochres with a high
goethite content and a relatively low - neutral pH were favourable in increasing SOC sorption
as goethite has a high adsorption capacity for SOC and a lower soil pH signifies lower levels
of OH− and a decrease in desorption of SOC due to decreased negative charges on SOM.
However, ochres generally contain CaCO3 which was found to cause an increase in pH, leading
to destabilisation of soil aggregates and a subsequent release of SOM. Further to this, ochres
with a high Na content were found to perform less favourably due to the adverse effects of Na
on soil dispersion and a decrease in aggregate stability.
As the adsorption experiments hence proved the additions of ochre to soil to be successful
in adsorbing organic C, incubation/plant growth experiments were undertaken, understanding
the effect of ochre amendments on C lability in a more realistic experiment than the adsorption
study. The results of these experiments found an overall lack of difference in the extractable
C content of ochre amended soils in comparison to control soils. However, the promising
reduction in the cold water extractable C content in ochre treated Woodland Soils, relative
to the Woodland Soil control, indicating decreased C availability and increased C storage,
warrants for further experiments to take place. These experiments require a longer incubation
period, with thorough mixing, to ensure there is an increased opportunity of contact between
the Fe oxide and dissolved organic C. However, in practical applications, a possible solution
for ensuring contact chances increase would be to plough the ochre into the soil as a slurry,
however, this would increase the transport costs, as well as water costs. It is therefore
important to understand the balance between the climate change benefit of increased SOC
from ochre amended soils and any potential greenhouse gas emissions associated with possible
these transport and water costs.
It was found that CO2 was released at the same rate from ochre amended soils and control
soils, indicating that ochre additions have not affected the biological functionality of the soil.
The reduction in cold water extractable C content in the ochre treated Woodland Soils is not
consistent with these respiration results however, suggesting that the C moves from a very
labile to a less labile pool, whilst still being sufficiently available for soil bacteria respiration to
not be reduced. Future experiments should measure these changes in the labile and less labile
C pools.
An issue with the addition of ochre to soil is that it may be perceived as a waste disposal
method. There is also a concern that ochre amendments to soils may lead to harmful increases
in metal concentrations, given the known presence of potential toxic metals in ochre deposits
and that in the adsorption experiments, some of the ochre treated soils released more metals
into solution than the control. This does not seem to have impacted plant growth in the ochre
treated soils, relative to the controls, but it does merit additional experiments that analyse for
potential toxic metal uptake in the plant shoot biomass.
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It is encouraging that the ochre amendments have had no effect on plant growth, implying
that if added to agricultural and woodland soils at field scale, the addition of Fe oxide to soil
would cause no damage to crop yield and flora growth. It is also promising that a potential
incorporation of ochre into aggregates was found, implying that the fine ochres may have
supported the aggregation of material to form coarse, stable macroaggregates, improving soil
structure. It would be of interest to look into the organic C content of each aggregate size.
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Appendices
A Accuracy and precision for ICP-OES elemental
analysis
Table A1: Accuracy and precision for ICP-OES elemental analysis of metals and phosphorus.
Precision is not reported for elements that were below detection.
ND = not determined
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B Extractable Al, Mn and Si
Figure B1: Mean concentrations (mg/kg) of extractable Al and Mn for sodium pyrophosphate
(SP) (organically complexed Fe) extractions of (a) Agricultural incubation samples, (b)
Woodland incubation samples, (c) Agricultural plant growth samples and (d) Woodland plant
growth samples. Error bars represent standard deviation, n=5. 0.005 and 0.05 represent
the treatments of dry mass ratios 0.005:1 and 0.05:1 ochre:soil, respectively. Different letters
represent a significant difference in Al and Mn concentration (Al: a - b; Mn: p - q) for three
different comparisons, between the control and the ochre treatments (one-way ANOVA and
Dunnett’s test;), between ochres of the same treatment level (two-way ANOVAs and Tukey
tests) and between different treatment levels of the same ochre (two-way ANOVAs and Tukey
tests), all at p≤0.05.
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Figure B2: Mean concentrations (mg/kg) of extractable Al, Mn and Si for ammonium
oxalate (AO) (organically complexed + amorphous inorganic Fe) extractions of (a) Agricultural
incubation samples, (b) Woodland incubation samples, (c) Agricultural plant growth samples
and (d) Woodland plant growth samples. Error bars represent standard deviation, n=5. 0.005
and 0.05 represent the treatments of dry mass ratios 0.005:1 and 0.05:1 ochre:soil, respectively.
Different letters represent a significant difference in Al, Mn and Si concentration (Al: a - b;
Mn: p; Si: α - β) for three different comparisons, between the control and the ochre treatments
(one-way ANOVA and Dunnett’s test;), between ochres of the same treatment level (two-way
ANOVAs and Tukey tests) and between different treatment levels of the same ochre (two-way
ANOVAs and Tukey tests), all at p≤0.05.
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Figure B3: Mean concentrations (mg/kg) of extractable Al, Mn and Si for dithionite
citrate (DC) (organically complexed, amorphous inorganic Fe + Fe oxides) extractions of (a)
Agricultural incubation samples, (b) Woodland incubation samples, (c) Agricultural plant
growth samples and (d) Woodland plant growth samples. Error bars represent standard
deviation, n=5. 0.005 and 0.05 represent the treatments of dry mass ratios 0.005:1 and 0.05:1
ochre:soil, respectively. Different letters represent a significant difference in Al, Mn and Si
concentration (Al: a - c; Mn: p - q; Si: α - γ) for three different comparisons, between the
control and the ochre treatments (one-way ANOVA and Dunnett’s test;), between ochres of
the same treatment level (two-way ANOVAs and Tukey tests) and between different treatment
levels of the same ochre (two-way ANOVAs and Tukey tests), all at p≤0.05.
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